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1 SUMMARY

During the period of this support, a new control system design and analysis method has been
studied. This approach deals with control systems containing uncertainties that are represented in
terms of its transfer function parameters. Such a representation of the control system is common and
many physical parameter variations fall into this type of uncertainty. Techniques developed here are
capable of providing nonconservative analysis of such control systems with parameter variations. We
have also developed techniques to deal with control systems when their state space representations
are given rather than transfer functions. In this case, the plant parameters will appear as entries of
state space matrices. Finally, a system modeling technique to construct such systems from the raw
input - output frequency domain data has been developed.
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3 INTRODUCTION

The subject of robust control began to receive worldwide attention since the late 1970’s. In particu-
lar, since the seminal theorem of Kharitonov, the problem of robustness under parametric uncertainty
became one of the major subjects in which researchers heavily invested their efforts. Through this
project, we aimed to achieve meaningful analysis and design mechanisms for a system whose un-
certainties are modeled as parameters of the transfer function coefficients. At present the theory
is capable of determining the largest parametric stability margin in various forms of measures, the
worst case gain and phase margins, the worst case unstructured (H) stability margin, and the
nonlinear sector bounded stability margin while the given parametric uncertainty is simultaneously
presented. These novel analysis techniques are equally applicable to systems whose transfer function
coefficients are linear or multilinear functions of parameters subject to perturbations. These results
have also been tailored to solve the problem when the state space representation of the system rather
than transfer function is given. In this case, some entries of state space matrices are considered as
perturbed parameters.

Moreover, the techniques developed here overcome the difficulties that are encountered by
the traditional frequency domain classical domain analysis and design when multiple parameter
variations are presented. We have successfully developed new tools that enable us to construct Bode,
Nyquist, and Nicholes templates for the control system containing multiple parameter variations.
Using these innovative techniques, designers now have access to information which is vital to the
design of control systems. As a result, the Matlab based toolbox for Robust Parametric Control
has been implemented, and the final stage of testing is being conducted. A portion of this toolbox
is available through a Mathworks’ anonymous ftp site for those interested in this research. The
results have also been extended to the problem of system identification. Our technique effectively
constructs a parameterized transfer function from the given set of input - output pairs of data that
represents the behavior of the system to be modeled.

For the past three years of this NASA support, numerous important publications have been
generated. Our recent book, Robust Control: The Parametric Approach published by Prentice Hall
Publishing Company, contains the details of this research.

The remainder of this report is organized as follows: In section 4, we describe the basic math-
ematics used in robust stability problems for interval systems. These results are further extended
to achieve frequency domain properties of such systems. In conjunction with this frequency domain
information, design and analysis techniques which are similar to those used in classical control are
described in detail. In section 5, the result of Section 4 is improved to deal with more complex sys-
tems (multilinear interval systems). All the results developed in the framework of interval systems
are extended to this class of systems. The main tool we have employed here is the Mapping Theo-
rem. Section 6 shows an interval system modeling technique, and it is successfully applied to a large
space structure with variable load. This section demonstrates successful application of the results.
Finally, using the results obtained for multilinear interval systems, some techniques are presented
which determine robust stability of the system when the state space representation is given.



4 ROBUST CONTROL VIA INTERVAL SYSTEMS

Frequency response methods play a fundamental role in the fields of control, communications and
signal processing. Classical control focuses on the frequency domain properties of control systems and
has developed design methods based on simple but powerful graphical tools such as the Nyquist plot,
Bode plots, and Nichols Chart. These techniques are well known and are popular with practicing
engineers. However, they were developed for a fixed nominal system and in general are inapplicable
when several uncertain parameters are present. In these situations it is necessary to evaluate the
frequency domain behaviour of the entire family of systems in order to effectively carry out analysis
and design.

A brute force approach to this problem (grid the uncertainty set) can be avoided by assuming
a certain amount of structure for the perturbations even if such an assumption introduces some
conservatism. In this section we shall consider the class of linear interval systems where the uncertain
parameters lie in intervals and appear linearly in the numerator and denominator coefficients of the
transfer functions. For example, the family of transfer functions

48% + a8 + a8+ 5
s* +10838% + G282 + (81 + 2m1)3

G(s) =

where as,ai, 83,82, 51,71 vary in independent intervals is a linear interval system containing six
interval parameters. In this example, the uncertainty template G(jw) at each frequency w is a
complex plane set generated by the parameter vector ranging over the six dimensional parameter
box. With the results to be developed in this section we will be able to replace G(s) by a subset of
systems Gg(s). This extremal subset will allow us to constructively generate the ezact boundary of
the uncertainty template by means of a set of one parameter problems. These extremal systems will
allow us to exactly calculate the boundaries of the Bode, Nyquist and Nichols plots of all transfer
functions in the control system. They also can be used to calculate the worst case gain, phase, and
parametric stability margins over the uncertain set of parameters. The utility of these concepts in
control system design is illustrated by giving examples which robustify classical design techniques
by incorporating parametric uncertainty.

We begin by considering an interval plant connected to a fixed feedback controller and develop
the appropriate mathematical machinery for this system. The generalized Kharitonov segments serve
to define the extremal systems. Using these systems, we calculate the boundaries of the image sets of
various system transfer functions evaluated at s = jw. These include the characteristic polynomial,
open and closed loop transfer functions, sensitivity and complementary sensitivity and disturbance
transfer functions. We also evaluate the worst case stability margins using these extremal systems.
These results depend on some simple geometric facts regarding the sum and quotients of complex
plane sets. We then generalize these results to the larger class of linear interval systems using
essentially the same geometric ideas.

4.1 INTERVAL CONTROL SYSTEMS

Consider the feedback system shown in Figure 1 with

—7?— F(s) G(s)

Figure 1: A unity feedback interval control system

_ Fi(s)

_ N
=he O

F(s) = Do)’

(1)

We suppose that F(s) is fixed but G(s) contains uncertain real parameters which appear as the
coefficients of N(s) and D(s). Write

D(s):=ag+ a8+ 28 +ass® + -+ an_18" 1 +aps”
N(s) := by +b18+ bys® + b3s® + -+ + byy_18™ ! + by s™ (2)



where a; € [ag,a]], for k € n:= {1,---,n} and by € [b;,b}], for k € m. Let us define the interval
polynomial sets

D(s) := {D(s) : ag +ais+azs® +---+ans", ax € [a,a), for k€n}
N(s) := {N(8) : bo+bis+bos® +---+bms™, b € [b,bf], for k € m}

and the corresponding set of interval systems:

60)={ 3 + (V). Dle) € (N(s)=D() }. ®

We refer to the unity feedback system in Figure 1 as an interval control system. For simplicity, we
will use the notational convention

GG = p) @
to denote the family (3). The characteristic polynomial of the system is
&(s) := F1(s)N(s) + F2(s) D(s) (5)
and the set of system characteristic polynomials can be written as
A(s) == Fi(s)N(s) + F2(s)D(s). (6)

The control system is robustly stable if each polynomial in A(s) is of the same degree and is Hurwitz.

Let Kn(8) and Kp(s) denote Kharitonov polynomials associated with N(.S and D(s), and let
Sn(s) and Sp(s) denote the corresponding sets of Kharitonov segments. Recall that these segments
are pairwise convex combinations of Kharitonov polynomials sharing a common even or odd part.
Define the extremal subsets, using the above notational convention:

'_ ,CN(S) SN(S)

Gg(8) = So(» " Ko(s) (extremal systems) (7
Gk(8) = %Ez% (Kharitonov systems). (8)

We shall say that F(s) satisfies the vertez condition if the polynomials Fj(s) are of the form
Fi(s) := s (a;s + b;))Ui(s)Ri(s), i=1,2 (9)

where t; are nonnegative integers, a;, b; are arbitrary real numbers, U;(s) is an anti-Hurwitz poly-
nomial, and R;(s) is an even or odd polynomial. We recall the result given by GKT.

Theorem 1. The control system of Figure 1 is robustly stable that is stable for all G(s) € G(s) if
and only if it is stable for all G(s) € Gg(s). If in addition F(s) satisfies the vertex condition, robust
stability holds if the system is stable for each G(s) € Gk (3).

The GKT thus reduces the problem of verifying robust stability over the multiparameter set
G(s) to a set of one parameter stability problems over Gg(s) in general, and under the special
conditions on F(s) stated, to the vertex set Gg(s). In the rest of this section we shall show that
the systems Gg(s) and Gk(s) enjoy many other useful boundary and extremal properties. They
can be constructively used to carry out frequency response calculations in control system analysis
and design. In fact, it will turn out that most of the important system properties such as worst
case stability and performance margins over the set of uncertain parameters can be determined by
replacing G(s) € G(s) by the elements of G(3) € Gg(s). In some special cases one may even replace
G(s) by the elements of Gk(s). The results are first developed for interval plants for the sake of
simplicity. They hold for the more general class of linear interval systems as indicated in section 4.5.

4.2 FREQUENCY DOMAIN PROPERTIES

In order to carry out frequency response analysis and design incorporating robustness with respect
to parameter uncertainty we need to be able to determine the complex plane images of various
parametrized sets. In this section we will develop some computationally efficient procedures to
generate such sets. We shall first consider the complex plane images of A(s) and G(s) at s = jw.
These sets, called uncertainty templates, are denoted A(jw) and G(jw). Since N(s) and D(s) are



interval families, N(jw) and D(jw) are axis parallel rectangles in the complex plane. F; (jw)N(jw)
and F3(jw)D(jw) are likewise rotated rectangles in the complex plane. Thus A(jw) is the complex
plane sum of two rectangles whereas G(jw) is the quotient of two rectangles. We assume here that
0 ¢ D(jw). If this assumption fails to hold we can always “indent” the jw axis to exclude those
values of w which violate the assumption. Therefore, throughout this section we will make the
standing assumption that the denominator of any quotients exclude zero.

The next lemma will show us how to evaluate the sum and quotient of two complex plane
polygons @, and Q. with vertex sets V) and V3, and edge sets E; and E,, respectively. Let J(-)
denote the boundary of the complex plane set (-).

Lemma 1. (a) 8(Q: + Q) C (Vi + E3) U (Ey + V2), (b) 8 (-g;-) cBuh.

This lemma shows us the interesting fact that the boundaries of sums and quotients of two
polygons can be determined by sums and quotients of the corresponding vertex-edge pairs. Figure 2
illustrates that the boundaries of the sum of two four sided polygons are obtained by generating the
sum of all segment-edge pairs. Similarly, Figure 3 shows the sum of two general polygons.

It can be shown that the inverse image of a line segment which excludes the origin, is an
arc of a circle passing through the origin. This is shown in Figure 4. Therefore the inverse image
of a polygon is bounded by such arcs as shown in Figure 5. To determine A(jw) and G(jw) we
note that the vertices of N(jw) and D{jw) correspond to the Kharitonov polynomials whereas the
edges correspond to the Kharitonov segments. The set of points K (jw) are therefore the vertices
of N(jw) and the four lines Sy(jw) are the edges of N(jw). Fi(jw)N(jw) is also a polygon with
vertices Fj (jw)Kn(jw) and edges F) (jw)Sn(jw). Similarly, F,(jw)Kp(jw) and F;(jw)Sp(jw) are
the vertices and edges of the polygon Fy(jw)D(jw). The jw image of the extremal systems Gg(s)
defined earlier exactly coincides with these vertex-edge pairs. Let

(N(s)xD(s))E := (Kn(s)xSp(s)) U (S~ (8)xKp(s)). (10)
Recall that the eztremal systems are
Ge(s) = { DD & (N9 DLe) € (ND()e ) = 555 U 2L ay

and define
Ag(s) = {F1(s)N(s) + F2(s)D(s) : (N(s),D(s)) € (N(s)xD(s))e}. (12)
We can now state an important result regarding the boundary of image sets.

Theorem 2. (Boundary Generating Property)

a) 8A(Jjw) C Ag(jw) b) 0G(jw) C Gg(jw)
Ezample 1. Consider the problem of determining the frequency template of the interval plant
G(s) = n(s) bis+ b

d(s)  as® +ai1s+ap
where the parameters vary as follows:
ap €[1,2], a1 €[2,3], a2 €(2,3], b €[1,2], b €[2,3].
The Kharitonov polynomials of d(s) and n(s) are:
Ki(s)=3s*+2s+1, K3(s)=3s+3s+1, Kj(s)=2s>+2s+2, Kj(s)=2s>+3s+2

and
KMs)=2s+1, K2(s)=3s+1, K3(s)=2s+2, Kpa(s)=3s+2.

Thus, the boundary of the entire frequency domain template is obtained by the frequency evaluation
of the following 32 systems:

Ki(s)
AK(s) + (1 — N KE(s)

MK (s) + (1 = MER(s)

, and ~ )
K(s)

for
i=1,2,3,4; (j,k) €{(1,2),(1,3),(2,3),(3,49)}.

Figure 6 shows the template G(jw) at w = 1.
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4.2.1 Closed Loop Transfer Functions

Referring now to the control system in Figure 1, we consider the following transfer functions of
interest in analysis and design problems:

u(s) e(s)
ofay . ¥(8) _ ey . €8) _ 1
_u(s) __ F(s) _yls) _ _F(s)G(s)

TY(s) := = TY(8) := == = ——=—~~ "

)= 15 = TF Fl9)GG)’ )= 5 = T+ F5)G(s)
As G(s) ranges over the uncertainty set G(s) the transfer functions T°(s), T¥(s), T"(s), T*(s) range
over corresponding uncertainty sets T?(s), T¥(s), T*(s), and T¢(s), respectively. In other words,

1

TTFEeE W G(s)} (14)
Wiy . F(s) . _ [ _F©)G(s)

T (3) = {'im . G(S) € G(S)} ) Ty(S) = {Tmm : G(S) € G(S)} .

We will now show that the boundary generating property of the extremal subsets shown in Theorem 2
carries over to each of the system transfer functions listed above. In fact, we will show that the
boundary of the image set at s = jw, the Nyquist plot and Bode plot boundaries of each of the above
sets ar(z z;ll generated by the subset Gg(s). Introduce the subsets of (14) obtained by replacing G(s)
by Gg(s):

TO(s) := {F(s)G(s) : G(s) € G(s)}, T(s) ;={

T3(6) = (PG = 60 €Ge) T50) = { e
F(s)

( 8
u(g) e : yg) . { LGIGE)
TE(S) = {m : G(S) € GE(S)} s TE(S) = {WS)G(S) : G(S) € GE(S)} .

The main result can now be stated.

: G(s) € GE(s)}(15)

Theorem 3. For every w > 0,
(@)0T°(jw) C Tg(jw), (B)AT°(jw) C Tg(jw), ()T"(jw) C TE(jw), (d)ITY(jw) C TE(jw)

10



Remark 1. This result shows that at every w > 0, the boundary of the image set of each transfer
function in (14) is contained in the corresponding image set of the extremal systems. We point out
that in the definition of the interval plant G(s) we assumed that the numerator and denominator
parameters were independent. This assumption obviously does not hold any longer when we deal
with say, TY(s) where the numerator and denominator depend on some common parameters. It
is therefore useful to know that the boundary generating property of the set Gg(s) carries over
nevertheless. In a later section we will show that the boundary generating property of the set Gg(s)
will hold much more generally.

Ezample 2. Consider the system given in Example 1. Let us assume that F(s) = 1 and that we
wish to calculate T¥(jw).
G(s)

Ty(S) = {m . G(S) € G(S)} .

For this example, we have
bls + bo

a28% + (a1 + b1)s + (ao + bo)

where ag € [1,2], a € [2,3], ag € [2,3], by € [1,2], b € [2,3].
The denominator and numerator polynomials are dependent on some of the same perturbing
parameters. However, Theorem 3 handles this dependency. Since 8T¥(jw) C T%(jw), it is enough

to construct the following template:

TY(s) =

G(jw)

() = {
In other words, we simply replace G(s) by Gg(s) in T?. Thus we need to construct the image of

the following transfer functions for A € [0, 1]:

Ki(ju) g AKEGw) + (1= DKL (jw)
NKE (o) + (1= NEG(jw) + Ki(jw)’ NKEG) + (1 - VKL (w) + Kg(jw)

for i = 1,2,3,4 and (k,1) € {(1,2),(1,3),(2,3),(3,4)}. The sets of Kharitonov polynomials corre-
sponding to the denominator and numerator polynomials are defined in Example 1. The frequency
domain template at w = 1 is shown in Figure 7.

0.3 r T T T

T
Il

0.2

0.1

T
L

Imag
] 1
o o
w [
T T

o
PN
T

o
[&]
T

1 i

-0.7 : !
0 0.2 04 0.6 0.8

Real
Figure 7: Frequency domain template TV (jw) (Example 2)
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4.3 NYQUIST, BODE, AND NICHOLS ENVELOPES

In the previous section we established that at a fixed frequency the image set template of various
transfer function set can be constructed from the corresponding extremal transfer function set Gg(s).
In control system design it is important to see the behaviour of these transfer function families for
all frequency. Denote the Nyquist plot of the family G(s) as

G = Uocuw<oo G(jw). (16)

The boundary of G is the Nyquist envelope of G. Similarly, the Nyquist plots of T°(s), T*(s),
T*(s), and T¥(s) are denoted respectively by T°, T¢, T¥, and T?. From the boundary property
of Theorem 3, it follows that the envelopes of these Nyquist plots are generated by the extremal
systems.

Theorem 4. (Nyquist Envelope) '
The Nyquist plots of each of the transfer function sets T°(s), TV(s), T*(s), and T*(s) are bounded
by their corresponding extremal subsets:

(@)8G C Gg, (b)dT° C TS, ()dT¥ CTY, (d)dT C T, (e)dT° C T§. (17)
E

The Bode envelopes of each of the system transfer functions G(s), T°(s), T¢(s), T*(s), and T¥(s)
can also be constructed if we can determine the maximum and minimum values of the magnitude and
phase of the family of systems at each frequency. From the boundary relations given in Theorem 3,
it again follows that these maximum and minimum values occur over the subset Gg(s). This leads
us to the following result.

Theorem 5. (Bode Envelope)
The Bode magnitude and phase envelopes of each of the transfer function sets G(s), T°(s), T*(s),

T(s), T¥(s) are generated respectively by the extremal subsets, Gg(s), Tg(s), Tg(s), Th(s), Tr(s)

It is instructive to interpret this result from the geometric point of view. Consider the Bode plot of
the interval family G(s). For a fixed w*, the image of the interval transfer function is the quotient of
two convex polygons in the complex plane where the polygons represent the images of the numerator
and denominator polynomial families. This is depicted in Figure 8.

Figure 8: Extremal magnitude and phase of N(jw*) and D(jw")
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From Figure 8(a) and (b), we can see that the maximum and minimum magnitudes of G(jw*)
occur on one of the vertex-segment combinations of these polygons. Since the parameters in the
numerator and denominator are independent we have:

N(jw*)
D(jw*)

_ max|N(jw*)|

N(jw*)
~ min|D(jw*)] j

D(jw*)

_ min|{N(jw*)|

(a) (b) min = max DG

While the maximum magnitude always occurs at a vertex the minimum can occur on an edge. The
maximum and minimum points will generate the extreme points of the Bode magnitude envelope at
the frequency w*. On the other hand, as shown in Figure 8(c) and (d), the extreme points on the
phase envelope are always generated by vertex-vertex pairs:

N(w*) . . .
c max ar - = max arg N(jw*) — min arg D(jw*
(c) & B (o) gN(jw®) gD(jw")
, N(jw") . ) .
d min ar - = minarg N(jw*) — maxarg D(jw").
(d) € Dw) gN(jw") gD(jw*)

The relations given in the Theorem above are useful in constructing the Bode magnitude and
phase envelopes as well as Nyquist envelopes. In classical control design techniques, the Nichols
Chart is also a popular computational tool. For a fixed transfer function, the Nichols Chart is a
plot of the magnitude versus the phase with frequency as a running parameter. When a family
of parametrized systems is involved, we get at each frequency a magnitude-phase template. When
this template is swept over all frequencies, we get the Nichols Envelope of the family. By using the
boundary property of Theorem 3 it can be seen that the Nichols Envelope is also generated by the
extremal systems.

Theorem 6. (Nichols Envelope)
The Nichols Envelope of each of the transfer function sets G(s), T°(s), T¢(s), T*(s), T¥(s) are

generated respectively by the extremal subsets, Gg(s), T%(s), Tg(s), Tg(s), TL(s).

The Nichols template is obtained by mapping the points of the Nyquist plane (see Figure 9) into
the Nichols plane (see Figure 10). This gives the exact Nichols template.

Imag Real

2

m,

Figure 9: A Nyquist template

The Nichols envelope can also be generated approximately from the Bode magnitude and
phase envelopes of the family. At each frequency we draw a rectangle in the magnitude-phase plane
(Nichols plane). The dashed rectangle shown in Figure 10 corresponds to the magnitude and phase
ranges obtained from the Bode envelopes. When these overbounded images of G(jw) templates
are swept over frequency, we obtain the approximate Nichols envelope which contains the actual
envelope. We illustrate these computations with an example.

13



(] (o]
db 45 6 0 degree
-20 log m,
-20 log my
Figure 10: A Nichols template
Ezample 3. Consider the plant and controller
bis+bo 82 +2s+1

G(s) = C(s)

azs? +a18+ag TP 29422 +3s
where the plant parameters vary as
b, €[0.1,0.2]), b €[0.9,1.1), a2 €[0.9,1.0], ay € [1.8,2.0], ao € [1.9,2.1].

Figures 11, 12, and 13 show the frequency domain plots for this example.

1.5+ .

o
Lh
T

—

Real
Figure 11: Nyquist templates (Example 3)
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Figure 12: Nichols envelope (Example 3)
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Figure 13: Bode envelopes (Example 3)
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4.3.1 Conservatism of the Envelopes

For a fixed system, all of the above three frequency plots provide the same information on the
system. However, for the case of a parametrized family of systems, the situation is quite different.
The Nyquist and Nichols plots of a fixed system can be regarded as a string in the Nyquist or Nichols
plane. For a parametrized family of systems, the Nyquist or Nichols plots therefore consists of a
family of strings. However, the envelope of the plot is, in general, not a string that belongs to the
family. In other words, there is no system in the family which generates the entire boundary of the
envelope itself. On the other hand, every point on the boundary of the envelope has a string passing
through it as shown in Figures 14 and 15.

Real

Figure 14: Nyquist envelope and Nyquist plots of individual member systems

db

Figure 15: Nichols envelope and Nichols plots of individual member systems

The Bode envelopes in fact correspond to an overbound of the image of the complex plane set
G(jw) at each frequency w. Considering Figure 16, we also see that each point on the boundaries of
the envelopes came from a true member system of the family. From the Bode envelopes, we notice
that the smallest gain margin of the family is K. However, the member system passing through
the “o” point in the magnitude plot does not correspond to the phase crossover point “e” in the
phase plot. Due to this phenomena, the true smallest gain margin might be bigger than K. A
similar argument can be made for the case of the smallest phase margin (see Figure 17). This
is because of the independent evaluation of the magnitude and phase envelopes of the family. In
other words, despite the fact that each point on the boundaries of the Bode magnitude and phase
envelopes, comes from some parameter in the family, the latter envelopes taken jointly, represent
only the approximate set which corresponds to the dashed box in Figure 10 and equivalently, the
dashed portion of the disc in Figure 9. Therefore, the smallest gain and phase margins read from
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degree

[

-180

db

Figure 17: Bode envelopes and guaranteed gain maréin

the Bode envelopes would be conservative, with the degree of conservatism depending upon how big
the actual image inside the dashed box is (see Figure 10).

Remark 2. The above boundary results remain valid if F;(s) are complex functions rather than real
polynomials. This is useful in applications. For example, in systems containing time-delay F;(s)

could contain terms such as e"7%. Also many robust performance problems reduce to verifying
robust stability under real parameter perturbations using complex compensators.

4.4 EXTREMAL STABILITY MARGINS

In this section, we deal with the calculation of guaranteed stability margins. We will first consider
the gain and phase margins at the loop breaking point “m” shown in Figure 18. When G(s)

F(s) G(s) y

Figure 18: A unity feedback system

contains parameter uncertainty the worst case values of gain and phase margins over the parameter
uncertainty set are important measures of robust performance. We show that these worst case
margins in fact occur over the subset of extremal plants Gg(s).

4.4.1 Guaranteed Gain and Phase Margins

Suppose that F(s) robustly stabilizes the family G&s). The gain margin of the system for a fixed
G(s) € G(s) is defined to be the smallest value K¢ for which

(1 + K)F1 (S)N(S) + F2(8)D(8)
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remains stable for all K € [0, Kg). Similarly, the phase margin of the system for a fixed G(s) € G(s)
is defined to be the smallest value 6 for which

e’ Fy(8)N(s) + Fa(s)D(s)
remains stable for all 8 € [0,60¢g). The worst case gain and phase margins are:

K= inf K 8 := inf 0Og. 18
G(s%IGIG(s) ¢ G(a%IEIG(a) G ( )

Theorem 7. (Extremal Gain and Phase Margin)

I)
K* = inf Kg, g = inf bq.
G(s)€GEg(s) G(8)EGE(s)

I) If Fi(s) are real and satisfy the vertex conditions specified in part II of GKT, then we have

*

= inf
G(s)EGK(s)

The proof of this theorem readily follows from the fact that A(jw) and Ag(jw) share identical
boundaries. Moreover, when F;(s) satisfy the vertex conditions the proof follows from the fact that
A(s) is stable if and only if Ak(s) is stable.

4.4.2 Worst Case Parametric Stability Margin

We now consider the worst case parametric stability margin. We assume as before that F'(s) robustly
stabilizes G(s). The parameter p of dimension ¢ consists of the coefficients of N(s) and D(s) and
varies in the hypercube II. We will rewrite &(s) in (5) as (s, p) to emphasize its dependence on
the parameter p. Let IIg denote the parameter subset of IT corresponding to the extremal systems
Gg(s). Let Ik denote the parameter subset of IT corresponding to the extremal systems Gk (s).

Let || - || denote any norm in R’ and let P, denote the set of points u in R' for which (s, u)
is unstable or loses degree (relative to its generic degree over IT). Let

= inf —
o(p) u16111,u||p ul|,

denote the radius of the stability ball (measured in the norm || - ||) and centered at the point p. This
number serves as the stability margin associated with the point p and indicates its distance from
instability. If the box II is stable we can associate a stability margin, denoted p(p), with each point
in TI. A natural question to ask then is: What is the worst case value of the parametric stability
margin over IT and what is the point where it occurs? An answer to this question gives an indication
of how close one can get to instability over the box II.

Define a mapping from IT to the set of all positive real numbers:

-2 RH\{0}, p— p(p)

Our question stated in terms of functions is: Has the function p(p) a minimum and is there a precise
point in IT where it is reached? The answer is provided by the following theorem:

Theorem 8. (Extremal Parametric Stability Margin)
I) The minimum value over I1 of p(p) is reached at a point on the ertremal set Ilg.

II) If Fi(s) satisfy the vertez conditions, the minimum value of p(p) is reached at a point on the
extremal set Ilk.

Ezample 4. Consider the unity feedback control system with

_ ms+ap and F(s) = s2+2s+1
" bys? + bys + by T 844283 42524

G(s)

where

a; €[015—¢,0.15+¢], ap€[l—¢1+¢,
by €[0.95—¢,095+¢, b €[19-¢19+¢, by€[2—¢€2+¢€.
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We wish to find the largest excursion of parameters allowed or equivalently the maximum value of
¢ for which closed loop stability is preserved. The image set plot at ¢ = 0.128, shown in Figure 19,
reveals that the phase difference reaches 180° at € ~ 0.128 (Figure 20). It is clear that any value
of € smaller than 0.128 results in smaller image sets than the ones shown in Figure 19. Moreover,
if we sweep the frequency the connected image sets will form an envelope which does not contain
the origin for € = 0.128. Therefore, an envelope corresponding to any value of € smaller than 0.128
cannot contain the origin. Thus, we conclude that the feedback system remains stable under the
perturbations bounded by this maximum value of €.

Imag
=

2 1 0 1 2
Real

Figure 19: Image set plot at ¢ = 0.128 (Example 4)

200 . . . . ‘ .

180}
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€

Figure 20: Phase plot (Example 4)

4.5 LINEAR INTERVAL CONTROL SYSTEMS

The results given so far in this section assume that G(s) is an interval plant, namely the ratio of
interval polynomials. Each of the results given shows that a particular calculation involving G(:)
can be replaced by the corresponding calculation over the one parameter subsets Gg(-). This sort of
simplification actually carries over to the more general class of linear interval systems G(s) defined
below. Instead of repeating all the previous results, we show in this section how to construct the
extremal subsets Gg(s) and leave the details of the proofs to the reader.

We still consider the unity feedback system shown in Figure 1 with

. hls) N(s)

F(s) = 50y () = iy

(19)
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We suppose that F(s) is fixed, G(8) is subject to parametric uncertainty and is now of the form

N(8) := L1(8)A1(8) + La(s)A2(s) + -+ + Ly(8)Au(s)
D(s) := My(3)By(8) + M2(38)Ba(s) + - - - + M,(3)B,(s) (20)

with A;(s) and B;(s) being independent interval polynomials. Write

Ai(8):=ah +als+ais® +ais® +---+al, ;8™ +an, 8"

Bj(s) := b} + bls + bls? + b s° +-~'+b‘;j_lsdi‘1+b§jsd’ (21)
where ai € [ai™,ait], for k € n; and &) € [b]7,b]"], for k € d;, and Li(s) and M;(s) are fixed
polynomials in s. Let

A(s) == [A1(8), A2(8),- -, Au(8)], B(8) := [B1(s), Ba(s)," -, By(s)]. (22)

Let us define the sets
Ai(s) := {Ai(s) : af +ais+als® +- - +al s™, a} € [a),alf], for k€ n}
Bj(s) := {Bj(s) : b} +bjs+bjs® + -+ b 5%, b €[b],b]"], for k€ d;}

{ZL JAi(s) ¢ (A1(8),--+, Au(8)) € As(8) x -+ X Au(s)}

D(s) : {ZM (3)Bi(s) (Bl(s),---,B,,(s))eBl(s)x--.va(s)}

and the corresponding set of uncertain systems

G(s) := {]I\)fgz; : (N(s),D(s)) € (N(s)xD(s))} = g—(% (23)

is called a linear interval system. The Kharitonov polynomials and segments associated with A;(s)
are denoted K 4,(s) and Sy, (s), respectively. Kp, (s) and Sp, (s) are defined similarly. Now let us

define
Ak(s):=Ka,(8) x---xKa,(8), Bk(s) :=Kp,(s) x--- x Kp,(8) (24)

and

A’Ifl(s) = KA: (3) XoeeX KA).—1(3) X SA» (3) X ’CA;.+1 (8) e x Ka, (3)1
BL(s) := Kp,(s) x -+ x Kp,_,(8) x Sp,(s) x Kp,,,(s)--- x KB, (s) (25)

fork€uand j €wv. Let

Ag(s) := UL Ag(s), ©  Bg(s) := UL, Bg(s). (26)
Now introduce
Nk(s) = {N(s = 3" Li(8)4i(s), (41(9), -, Au(®)) € Ak(9)
NEg(s) := { 8) : N(s)= 3 Li(s)Ais), (Ai(s), -, Au(®)) € AE(s)} : (27)
Similar definitions hold for Dk (s) and Dg(s), and the extremal subsets are:
(N(8)xD(s))g := (Nk(s)xDg(s)) U (Ng(s)xDx(s)). (28)
The extremal subset of the family G(s) is
Gg(s) = {ng : (N(s),D(s)) € (N(s)xD(s))E} = 1;‘;((3 u g}‘jg; (29)
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In words the extremal set is obtained by fixing all the A;, B; at Kharitonov vertices except one
and letting this one range over the Kharitonov segments. We remark here that in the more general
case where some of the A; and B; happen to be identical the same procedure for constructing the
extremal subset will work except that this constraint must be imposed on Gg(s).

With the above definitions we can verify that N(jw) and D(jw) are polygons. The vertices of
N(jw) are contained in the set Nk (jw) and the edges of Ngjw) are contained in Ng(jw). Similar
relations hold for D(jw). From this, it follows easily that for the class of linear interval systems
G(s) defined in (20) - (23) each of the statements given in Theorems 1 - 8 remains valid with
GEg(s) defined as in (29). The conditions are constructive because here again Gg(s) is a set of one
parameter families. We illustrate the above calculations in the example below.

Ezample 5. Consider the linear interval system

G(s) = Li(s)A;i(s) _ 5(718 + 7o)
Mi(8)B1(s) + Ma(8)Bz(s)  s(ass® + azs?) + (B28% + Brs)

where 7, € [0.40,1.60], yo € 519.40, 20.60], a3 € [0.40,1.60], oz € [7.40,8.60], 3. € [31.4,32.6],
B1 € [74.45,75.65]. Here, we illustrate the construction of Bode, Nyquist, and Nichols templates.
First we write the Kharitonov polynomials of A;(s), B1(s), and By(s):

(s) = 1.65% +8.65> K3 (s) =04s>+8.6s° K3 (s) =1.6s° +7.4s
K4, (s) =048 + 745>  Kp (s) =32.6s% + 744558 K3 (s) = 32.65> + 75.65

(s) = 31.4s* + 74458 K} (s) =31.4s> +75.658  Kp,(s) =0.45 + 19.4s

(5)=1.6s>+194s K} (s) =04s*+206s  Kp (s) = 1.6s° + 20.6s

Then the extremal systems we will deal with are

Li(s) (AKE, () + (1 - VKK, (9))
My(s)K, () + Ma(s) K}, (5)

H

Li(s)K (s) Li(s)K}, (s)
My (s) (AKE, (3) + (1 = NKY (5)) + Ma(8)KD ()" Mi(s)K}, (s) + Ma(s) (AKE, (s) + (1 — MK}, ()

for i, = 1,2,3,4; (k1) € {(1,2),(1,3),(2,4),(3,4)}. Figures 21, 23 and 22 show the Nyquist,
Bode and Nichols envelopes of the system respectively.
2
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Figure 21: Nyquist templates of linear interval system (Example 5)
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Figure 22: Nichols templates of linear interval system (Example 5)
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Figure 23: Bode envelopes of linear interval system (Example 5)
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4.6 POLYTOPIC SYSTEMS

In many models containing parametric uncertainty the only convenient representation is one where
each independent parameter is explicitly displayed. In this case, we write

a1Ly1(s) + azLa(8) + -+ + ayLy(s)

Gl8) = 5 M (5) + baMa(s) + - F by My (s) (30)
and let
G(s) := {G(s) : a; <a; <af, by <b; < b;-*, i€y, jeEu} (31)
denote the family of uncertain systems. Let
P = [a1,a2, ",y b1, b2, -, by] (32)
denote the parameter vector and
H:={p : af <a;<af, b; <b;<bf, i€ey, jeu} (33)

the uncertainty polytope. Write (30) as G(s,p) to emphasize its dependence on p. For convenience
we refer to the family of systems G(s, p) : p € II represented in the form (30) as a polytopic system.
Of course a polytopic system is just a special case of a linear interval system with the uncertain
polynomials being of degree zero.

Let IIg denote the exposed edges of II and introduce the extremal systems

Gg(s) := {G(s,p) : p€lg}. (34)

Now suppose that s* is an arbitrary point in the complex plane, where the image set G(s*) needs
to be found. In the Hurwitz case we might have s* = jw and in a discrete time control system, for
example, s* could be a point on the unit circle. We have the following result.

Theorem 9.
0G(s*) C Gg(s").

All the results of Theorems 1 to 8 carry over to this general case with the extremal set Gg(s) being
defined by (34). The more general case where some a;, b; are identical can be handled by imposing

the same constraint on Gg/(s).

4.7 LINEAR FRACTIONAL TRANSFORMATIONS OF INTERVAL SYSTEMS

We have thus far assumed that our uncertain system is described by an interval system, a linear
interval system, or a polytopic system model. In each of these cases we developed extremal and
boundary results under the assumption that the numerator and denominator parameter sets are
disjoint or that they perturb independently. On the other hand, we saw that these extremal and
boundary results carry over to all the feedback system transfer functions even though, in some
of these, the numerator and denominator do contain common uncertain parameters. A natural
question to ask therefore is: What is a useful general model with interval parametric uncertainty,
incorporating dependencies between numerator and denominator parameters, for which boundary
or extremal results can be obtained? It turns out that a very broad class of systems of this type can
be encompassed under the class of linear fractional transformations of an linear interval system.
Therefore, let us suppose that G(s) is a linear interval system (see (23)) with independent
uncertain interval polynomials A;(s), B;(s) and let Gg(s) denote the extremal subset as defined in
Section 4.5. Let P(s),Q(s), R(s), S(s) be four arbitrary fixed functions and consider the transfor-

matien P()G(s) + Q(s)
8)G(s s
H(s) = .
®) = R@)G) + 56)
We suppose that the transformation is well defined (R(s)G(s) + S(s) # 0) and refer to such a
transformation as a linear fractional transformation. Obviously H(s) contains, in general, common

interval parameters in the numerator and denominator even though G(s) has only independent
parameters in the numerator and denominator. As before let

[ P(s)G(s) + Q
His) = { R(2)G(s) + S(

gzm@ecw}
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and let
_ [P(5)G(s) +Q(s) .
Hg(s) := {R(S)G(S) +S(s) :G(s8) € GE(S)} .

We show below that under mild conditions on the set P(s), @(s), R(s), S(s) the boundary of the set
H(jw) is generated by the extremal set Gg(jw).

Theorem 10. If

P(jw)S(jw) — Q(iw)R(jw) # 0

OH(jw) C Hi(jw).

Remark 8. With this result in hand it is easy to see that all the extremal and boundary results stated
in this section carry over to linear fractional transformations of linear interval systems. The practical
implication of this result is that by adjusting the set P(s), Q(s), R(s), S(s) we can account for a large
class of interdependencies between the perturbations. It is easy to show that all the transfer functions
that occur in a closed loop system can be shown to be linear fractional transformations of G(s) which
satisfy the restriction stated in the theorem above. Thus it is not surprising that the extremal results
stated in Theorem 3 hold. Finally, we point out that the boundary generating property of Gg(s)
continues to hold for any further linear fractional transformations applied to H(s).

we have

Ezample 6. Let us consider the block diagram shown in Figure 24.

P4 (8)
U ‘ y
ry Py (s) . G(s) @
P2 (8)
P3(s)

Figure 24: A feedback system

The closed loop transfer function of the system is
y(s) _ Py (8)Py(s) + Pi(s)G(s) _
u(s) 1+ [Pl (8)P3(8) + P2(3)] Py(s) + [P1 (8)Ps(s) + Pz(&)] G(3) -

If G(s) belongs to an interval transfer function family G(s), then the family of output transfer
functions is

H(s).

) Py(s)Py(s) + Pi()G(s) .
H(s) = {1 TR ORG) T RO BE) F RE)BE T BEGE)  C® € G(S)}
’;%G( ) + P (Q)(;’)( )
_ 1(8 L) 1\8) 4S8 .
~ ) P&)Ps(s) + Ba(9)] G(5) + 1 + [Pi(s)Ps(s) + Po(s)] Pa(s) - Gls) € G()
R(s) S(a)
Thus, if
o P(j)S(jw) — QUw)R(jw) # 0,
we have

OH(jw) C He(jw).

The point is, that even though H(s) is not an interval transfer function, the boundary of H(jw)
is captured by replacing G(s) by the elements of the extremal set Gggs) which is a considerable
saving. Similar results hold for the Nyquist and Bode envelopes, and in fact all extremal properties
of H(gs) will occur on the subset Hg(s).
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4.8 ROBUST PARAMETRIC CLASSICAL DESIGN

We illustrate the utility of the above tools in extending the design techniques of classical control
to systems containing parameter uncertainty. The requirement of robust design is that the design
specifications must be satisfied over the entire parameter set. Thus the worst case values must be
acceptable. Since these worst case values occur over the extremal set Gg(s), it suffices to verify that
the specifications are met over this set.

4.8.1 Guaranteed Classical Design
Ezample 7. Consider the interval plant

Gls) = dss3 + dys? +dis+dg

with ng € [10,20], d3 € [0.06,0.09], d; € [0.2,0.8], d; € [0.5,1.5], do = 0. The objective is to design
a controller so that the closed loop system

a) is robustly stable under all parameter perturbations,

b) possesses a guaranteed phase margin of at least 45°. In other words the worst case phase margin
over the set of uncertain parameters must be better than 45°, and

c) possesses a bandwidth greater than or equal to 0.1 [rad/sec] with a reasonable value of resonant
peak M,.

We simply follow the standard classical control design techniques with the new tools developed here.
First we construct the Bode envelopes of the open loop interval plant G(s). From the magnitude
and phase envelopes, we observe that the worst case phase margin of 50° is achieved if the gain
crossover frequency «”, is at 0.5 [rad/sec]. In order to bring the magnitude envelope down to 0 FdB]
at the new crossover frequency w., the phase lag compensator of the form

_1+aTs

C(s) = 5T a<l

must provide the amount of attenuation equal to the minimum value of the magnitude envelope at
!

Wyt

max G(jw.)| = —20log,, a[dB].
Gliuh et wl) |G (jwe)l g10 a{dB]
Thus, we have a = 0.01. Now we choose the corner frequency ﬁ to be one decade below w.:

!
1 A

B‘—T - 10 w!,=0.5

and we have T = 2000. Finally, the resulting phase lag compensator becomes

1+ 20s

C(s) = 1720008

Here we give some analysis to check whether the controller C(s) satisfies the given design require-
ments. The robust stability of the closed loop system with the controller C(s) may be easily de-
termined by applying Theorem 1. Moreover by GKT since we use a first order controller it is only
necessary to check the stability of the following vertex polynomials:

(1+20008)K3(s) + (1 + 208)K7(s), i=1,2,3,4;j=1,2
where
Kl(s):=10 KZ(s):=20

K}(s) := 0.5 + 0.8s% + 0.09s° K3(s) := 1.5 + 0.84> + 0.06s°
K3(s) :=0.5s + 0.25% + 0.09s° Kj(s) := 1.58 + 0.2s + 0.065°.
The eight polynomials above are stable and this shows that the closed loop system remains stable

under all parameter perturbations within the given ranges. Figure 25 shows the frequency response
(Bode envelopes) of G{s) (uncompensated system) and C(s)G(s) (compensated system).
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Figure 25: Bode envelopes of G(s) and C(s)G(s) (Example 7)

Clearly, the guaranteed phase margin requirement of 45° is satisfied. The guaranteed gain
margin of the system is 12 db. The closed loop response |M(jw)| called T¥(jw) in (14) is shown in
Figure 26 where

M(jw) = M(8)|s=jo :={M(s) : %ﬁ—) G(s)eG(s)}. (35)

Note that the |M(jw)| envelope shown in this figure is calculated from the result of Theorem 4.
Figure 26 shows that the M, of every system in the family lies between 1.08 and 1.3886. This also
shows that the bandwidth of every system in the family lies in between 0.12 and 0.67 [rad/sec].
Thus, the design objective is achieved. Figure 27 shows the Nyquist plot of C(s)G(s). The center
of the M-circle in Figure 27 is

M? 1.38862
4 — = (=2.
(1—Mg’°) (1—1.38862’0) (-=2.0772,0)

and the radius of the circle is
MP

= 1.496.
1- M2

r=|
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Figure 27: Nyquist envelope of C(s)G(s) with M-circle (Example 7)

Ezample 8. (Lead-lag Compensation) We give an example of lead-lag compensation design uti-
lizing the developments described above. Let us consider the interval plant

G(s)

—_ a0
- b3s3 + bas2 + bis+ by

with coefficients bounded as follows: ag € [5,7), b3 € [.09,.11],b; € [.9,1.2], b; € [.8,1.5], bo € [.1,.3].
The objective of the design is to guarantee that the entire family of systems has a phase margin of
at least 60° and a gain margin of at least 30dB. From Figure 28, we observe that the phase margin
70° which is equal to the desired phase margin of 60° plus some safety factor can be obtained if the
new gain-crossover frequency w/, is at 0.35 [rad/sec]. This means that the phase-lag compensator
must reduce the maximum magnitude of G(jw’) over the interval family to 0 [db]. Thus, we solve

-20logjpa=  max G(jw.)| = 28[db
E10 G(jw{:)EG(ju’c)l (Jwe)l [db]

and we have a = 0.0398. In order that the phase lag of the compensator does not affect the phase
at the new gain-crossover frequency w, we choose the value of 1/aT to be at one decade below w,.

Thus,
10 10

_ e =T17. .
oo~ (0.0398)(0.35) 1187

T =
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Figure 28: Bode envelopes (Example 8)

Therefore, the lag compensator obtained is

Cis) = 1+aTs _ 28.5714s + 1
W T 1+ Ts 7178755+ 1

—10log;pa = —(35 — 25) = —10[db]
Then,
1
7 = Vaw] = V10(4.7) = 14.86

and T = 0.0673. Therefore, the cascaded lead compensator is

_11+aTs _ 1 (10)(0.0673)s+1 _ s+1.485

Ca(s) =

28

We have now achieved approximately 70° of guaranteed phase margin and 25dB of guaranteed gain
margin. To achieve the desired gain margin, we now wish to move the phase-crossover frequency w/
to 4.7 [rad/sec]. If the magnitude plot does not move, we can achieve the gain margin of 35db at
this frequency. Thus, we solve

al+Ts 10 0.0673s+1 ~ s+ 14.859°



From Figure 28, we verify that the compensated system provides approximately 105° of guaranteed
phase margin and 50dB of guaranteed gain margin. Therefore, the controller

$+1.528.5714s + 1
8415 717.682s + 1

C(s) = Ca(s)Ci(8) =

2 T
1.5F 4
1+ |
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Figure 29: Nyquist envelope (Example 8)
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Figure 30: Nichols templates (Example 8)
attains the design specifications robustly. Figures 29, 30 and 28 show the Nyquist, Nichols and Bode
envelopes of the uncompensated and compensated systems.
Ezample 9. (PI Compensation) Consider the plant

nis+1

Gls) = 0284 + d383 + dy 82 + .04s
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with its coefficients bounded by given intervals as follows:
ny € [.35,.45)], ds € [.25,.35], b2 €[.9,1.1]

The objective of the design is to guarantee that the entire family of closed loop systems has a phase
margin of at least 45°.
Here we design a PI compensator of the form

C(s)=Kp+ 5

From Figure 32 we see that the new gain-crossover frequency w/, should be moved to 0.034 [rad/sec].
Since the maximum magnitude at w/, is 55 [db], we let

Gp(jwe) = |G (jwe)| = —201logyo Kp = 54.89[db]

max
G(jw.)eGjwy)

from which -
Kp = 10~1Cp(iw0)lldbl/20 — 1(—54.89/20 — g 0018,

In order that the phase lag of the PI compensator not effect the phase of the compensated system
at w', we choose the corner frequency K;/Kp to be one decade below w;. Thus,

!
e g = 2934 4 0018) = 6.12 x 107°.

Ky=2c
™70 10

Therefore, the PI compensator obtained is

6.12 x 107¢ +.0018s
P .

C(3) =
Figure 31 shows the Nyquist envelope while Figures 32 and 33 show the Bode and Nichols envelopes
of the uncompensated and compensated systems. We can see that the phase margin specifications
are robustly achieved.
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Figure 31: Nyquist envelope (Example 9)
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4.8.2 Optimal Controller Parameter Selection

In the design problem, we interchange the role of plant and controller, and consider a family of
controllers stabilizing a fixed plant G(s). The design problem here is to select from the controller
family the best parameter value according to some criterion. This type of problem is common in
practice. Let us consider for example that this parameter selection is to be made to maximize gain
margin or phase margin. The set of controller parameters may be given in terms of bounded values.
In other words, we have a interval family of controllers stabilizing a fixed plant. To maximize the
gain margin (or phase margin) over this set, we explore the boundary results given earlier.

In Section 4.3 we showed that the minimum gain margin (or phase margin) occurs over the
extremal set. In practice, the maximum gain margin (or phase margin) will also frequently occur
over the same set. To see this, we argue as follows. The Nyquist boundary of the system cuts the
real axis over the range A to B (see Figure 34 and Figure 35).

Real

Figure 34: A system that delivers the maximum gain margin

Figure 35: A system that does not deliver the maximum gain margin

The point A corresponds to the minimum gain margin of the family. The point B is a potential
candidate for the maximum gain margin (gain margin = 1/0B). Corresponding to the point B, there
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exists a set Cp of admissible (parameters lie within the given intervals) controllers whose Nyquist
plots pass through the point B. Suppose that one of these controllers is such that the Nyquist
plot does not cut the real axis at any other point (see Figure 34). It is clear that this controller
delivers the maximum gain margin (1/0B) and is the optimally robust gain margin controller in
the family. We can see that the maximum gain margin will be unrealizable only if each and every
controller in Cg happens to cut the real axis at another point also (see Figure 35). Based on the
above arguments, we suggest the following design procedure. First, check whether the given family
of interval controllers stabilizes the plant é (8) by using the GKT. If so, we use this set of controllers.
Otherwise, we determine the parametric stability margin around the nominal values of controller
parameters and create the largest interval stabilizing controller family around this nominal. From
this controller set we can find the controller parameters that provide the maximum gain or phase
margin. This can be done by generating the Nyquist envelope of the family using the development
discussed earlier. If the margin obtained is not satisfactory, we reset the controller parameters to the
new nominal corresponding to the point B and create a new interval stabilizing family. We repeat
this procedure until a satisfactory margin is achieved or the improvement of the margin is negligibly
small. The set of stabilizing interval controllers can be determined by many different methods; for
example the locus introduced by Tsypkin and Polyak may be used. Of course, there is no guarantee
that a globally optimum design will be achieved by this method. However, a satisfactory robust
design will often result.

Ezample 10. Consider the feedback system with the plant transfer function
250

Gl8) = G255+ 1.755 + 30
and controller transfer function
C(s) 1= as+1
T4 fBs+

The nominal values of controller parameters are ag = 5, S = 2, v = 1.

The phase margin of the given system with the nominal values of controller parameters is
19.55°. The objective is to tune the three controller parameters so that the resulting system has a
phase margin of approximately 45°. We first find the ¢, parametric stability margin r; around the
nominal values of parameters (ap, 89,%) by using the method proposed by Tsypkin and Polyak.
From this value of 71, which was obtained as r; = 1, we create the family of stabilizing controllers in
the form of an interval transfer function C;(s). Using this interval controller family, we create the
corresponding Nyquist envelope which shows the maximum obtainable phase margin of 29.85°. Using
the formulas developed previously, we select the parameter values (ay,81,71), and consequently the
controller C(s,a1,01,71) € Ci(s) that produces the maximum phase margin of 29.85°. Since the
resulting controller C(s, a1, 81,v1) does not satisfy the given requirement, we proceed with a second
iteration. The parametric stability margin around (a;, 81,71) we found is again 1. We now create
a new interval family C.(s) of stabilizing controllers. Using the same procedure as before, we find
the controller C (s, az, B2,%2) € C2(s). This produces the maximum phase margin of 43.76°. In the
table below we present the successive designs through several iterations and Figure 36 shows the
Nyquist plot of the optimal system for each iteration.

iteration parameter ranges parameter selected phase margin

( (aaﬂ)7) (ai’ﬂia’yi)

0 - (5,2,1) 19.55°
1 ([4,6],[1,3],[0,2]) (4,3,2) 29.85°
2 (13,5, [2,4], [1,3]) 3,4,1) 43.76°

4.8.8 Discrete Time Control Systems

The frequency templates of discrete interval control systems can also be constructed similarly. We
still use the basic geometric facts regarding the addition, multiplication and division of complex
plane image sets discussed here; however, the main simplifying tool used in the case of continuous
systems, the GKT, is no longer applicable here. We illustrate this by an example.

Ezample 11. Cousider the discrete-time feedback system shown in Figure 37. Let the interval plant
G(z) and the controller C(z) be

z+a -0.22-0.35

G =g, > CO=—"73
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Figure 36: Nyquist plots of optimal systems (Example 10)

‘1‘?— C(2) G(2)

Figure 37: A discrete time feedback system (Example 11)

where ‘
o €[0.8,1.2 :=[a",at], B€[1.8,2.2:=[37,8"], y€[28,3.2] :=[y",7*].

Then we have the extremal subset Gg(z) consisting of the following 12 systems:

z+ (Aa” + (1= A)at) _z+(da” +(1-Nat)

GE](Z) = 22 +B_z +q ’ GEz(z) - 22 +ﬂ+2+’)’_
_z+ (A" +(1-XA)at) _z+(da” +(1-A)at)

Cra(2) = 24 B2+t Cra(z) = 22 4+ Btz + 4+

z+a” z+a”
Cenld) = T mp T -t O T E e Ao N

o _ z+at Gr.(2) = z+at
B (2) = 22+ (A~ +(1=-NBt)z+v Bel#) = 2 ¢ A+ (1 -=XN)Bt)z+~t

G _ z+a” Gr,,(2) = z4+a”
B = A g o - P T e T O F - )

Gr(2) = A Gran(2) AL

22+ 8724+ My~ + (1 =2)vh) 224+ Btz24+ (M + (1= A7)
where in each case ) ranges over [0, 1).

By searching over the family Gg(z) with z = e/“T for w € [0,00) and a fixed T', we can obtain
the frequency templates of the system. For illustration, the Bode envelopes of the above discrete
time feedback system are given in Figure 38 for T' = 1. The Nyquist and Nichols envelopes can also
be generated similarly.

34



db

DEGREE

L L I G N SO W | . i i I T S T Gt

60
101 100 10!

rad/sec

-350 . i 1 . h L ,L¢I n i 1 id i
101 100 10

rad/sec

Figure 38: Bode envelopes (Example 11)

35



5 MULTILINEAR INTERVAL SYSTEMS

Consider the feedback configuration shown in Figure 39. F'(s) is a fixed controller and G (s) and

F(s) G1(s) Ga(s)

Figure 39: Interconnected Feedback System

G2 (s) are independent subsystems containing parameter uncertainty. Let

F(s) _ Pu(s) Pia(s)

F(s):= Fo(s)’ 1(s) == Por(s)’ Ga(s) := Pras)’

(36)

If the subsystems G1(s) and G»(s) contain independent parameters it is reasonable to model them
as intervel or linear interval systems G;(s), 1 = 1,2. The characteristic polynomial of this feedback

system is:
6(8) = F1 (8)P11(8)P12(8) + F2 (8)P21 (S)P22(3). (37)

The open loop transfer function

— Fy(s)Pyy(s)Pi2(s)
F,(8)Pa1(8) Pa2(s)

T°(s) = F(3)G1(s)Ga(s)

and the closed loop transfer function

TC(S) — F(S)GI(S)G2(3) — F (8)P11(8)P12(3)
1+ F(s)G1(8)G2(s)  Fi(s)Pii(s)Pr2(s) + Fa(s) Pa1(s) Paa(s)

These transfer functions have numerator and denominator polynomials that are multilinear functions
of interval polynomials. In addition, the numerator and denominator in T°(s) have independent
interval polynomials (parameters), but in 7°(s) the numerator and denominator contain common
interval polynomials.

For this class of systems we are interested in the following types of questions:

1) Does F(s) robustly stabilize the system or not?

2) If F(s) does robustly stabilize the system, what are the worst case gain margin, phase margin,
parametric stability margin, H,, stability margin and performance measured in terms of H,
norms, as the parameters range over the uncertainty set?

3) How can one construct the Bode magnitude and phase, and Nyquist plots of various transfer
function sets such as T°(s) and T(s) generated by the uncertain parameters?

These questions were addressed in the previous sedction for an arbitrary stability region using the
Mapping Theorem as a computational tool. In this section, we focus on the case of Hurwitz stability
and show how the Generalized Kharitonov Theorem (GKT) can be extended to this multilinear case
to provide a great deal of simplification and computational efficiency. We first derive a multilinear
version of GKT. This generalization provides us with an extremal test set for multilinear interval sys-
tems, with drastically reduced dimension of the parameter space, from which all the above questions
can be answered. It will tell us, essentially that as long as the dependencies are multilinear, worst
case stability margins and performance can be calculated for an arbitrary control system containing
interval subsystems by replacing each interval subsystem G*(s) by the corresponding extremal set
of systems G (3). The polytopic approximation derived in the last section can then be used on this
extremal set to give a highly efficient computational solution to the design and analysis questions
posed above. In the next section we describe the extension of GKT to the multilinear case.
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5.1 MULTILINEAR INTERVAL POLYNOMIALS

To avoid notational complexity, we first consider the simplest multilinear polynomial form motivated
by (37). We consider the Hurwitz stability of the characteristic polynomial family of the form

8(8) := F1(8)P11(8)Pr2(8) + F3(8) Py1(s) Paa(s) (38)

where F;(s) are fixed real polynomials and P;;(s) are real interval polynomials with independently
varying parameters. Let p denote the ordered set of coefficients of the polynomials { P, (s), P12(8)Pa1,
We assume that each coefficient varies in an independent interval, or equivalently that p varies in
an axis-parallel box Il. The dimension of the parameter space here is equal to the number of
independently varying parameters contained in these polynomials. We let P;;(s) denote the in-

terval polynomial family and K;;(s) and S;;(s) denote the respective Kharitonov polynomials and
Kharitonov segments. The family of uncertain polynomials is represented as

A(5) := F1(8)P11(8)P12(8) + F1(3)P21 (s)P22(s). (39)
Define
AL(s) := F1(8)S511(8)S12(8)+ Fa(8)K21 (8)Ka2(8), AZ(8) := Fi(8)K11(8)K12(8)+F2(8)S21(8)S22(s)
and introduce the extremal manifolds
Ag(s) := AL(s) U AL(s). (40)
Lemma 2. Under the assumption that every polynomial in A(s) is of the same degree and the
parameters (coefficients) in the interval polynomials P11 (s), Plg(sg, P31 (s), Pa2(s) are independent,
A(s) is Hurwitz stable if and only if AE(sg s Hurwitz stable.
For the general case, we have the multilinear interval polynomial
A(s) = Fi(8)P11(8) Py (8) + - + Frn(8)Prr1 (8) - - - Py, (8) (41)

where F;(s) are fixed and P;;(s) are interval polynomial families. The arguments used in the earlier
case carry over to this case and the result will be presented without repeating the proof. We define

Ag(s) = Fi(9)K11(8) -+ Kiry (8) + -+ + Fi-1(8)Ki—1,1(8) -+ Ko, (8)
+Fi(8)S1,1(8) -+~ St (8) + FraKign,1(8) - Kiryrugn 4+ Frn(9)Km,1(8) -+ Koy () (42)

and introduce the eztremal manifolds
Ag(s) == U, AL(s). (43)

Theorem 11. Under the assumption that every polynomial in A(3) is of the same degree and the
parameters (coefficients) in the interval polynomials P;;(s) are independent, A(s) is Hurwitz stable

if and only if Ag(s) is Hurwitz stable.

Remark 4. The theorem is also valid when some of the polynomials F;(s) are complex or quasipoly-
nomials This follows from the corresponding fact that GKT holds when some of the fixed polynomials
F;(s) are replaced by complex polynomials or quasipolynomials.

The next example illustrates the construction of the set of manifolds.

Ezample 12. (Extremal Manifolds for Multilinear Systems) Consider the characteristic poly-
nomial
8(s) = F1(s) Pr1(8)Pr2(8) + F2(s) Pa1(s) Pra(s)

where the fixed polynomials F;(s) are
Fi(s)=s+ fi, Fy(s)=s+ f2
and the interval polynomials are

Py (s) = azs® +ai1s+ag, Pia(s) = bos? +b1s+by, Pu(s) = c282+c18+0¢, Pyy(s) = de8*+dys+do,
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with all coefficients varying independently. The Kharitonov polynomials corresponding to Py;(s),
Py3(8), Ps1(8) and Pay(s) are:

KL (s)=afs* +a7s+ay, Kp (s)=afs®+afs+ay, Kp (s)=a;s*+a7s+a],
Kb (s)=azs®+afs+af, Kp,(s)=bfs®+bys+by, Kp,(s)=0b5s"+bfs+by,
K} (s)=bys®+bys+bf, Kp,(s)=bys®+bfs+bf, Kp, (s)=cfs’+cis+cy,
K} (s)=cfs® +cfs+ey, K} (s)=cgs®+cis+af, Kp,(8)=c;8+cfs+cf,
Kb (s) =dfs® +dis+dy, K}, (s)=dfs’+dis+dy, Kp,(s)=d;s*+dis+dy,
Kp,(s) =d;s* +dfs+df.

The sets of segments joining appropriate pairs of Kharitonov polynomials can also be obtained. Here
we give only the segments corresponding to the interval polynomial Py;(s); others can be similarly
obtained.

Sh (5) = AKb () + (1= VK%, (), Sh,(s) = AKD, () + (1~ MK, (s),
S5, () = KR, (5) + (1= NKS (5),  Sh (s) = A2, () + (1 - MK, (s).

From the above, we now can write the manifolds:
Ai(s) = {Fl(s)K;',11 (3)K};m(s) + Fg(.ﬁ:)S}i21 (8)553:2 (8): (3,5, k,) €4 x4x4x g}

and
AE(S) = A; UA,.

As we can see, the total parameter space is of dimension 12. However, our problem is now reduced
to checking the stability of 512 two-dimensional manifolds. Notice that each manifold remains of
dimension two, even though the dimension of the parameter space can be increased arbitrarily. The
dimension of the manifolds is increased only if the number of interval polynomials in a product term
is increased.

5.1.1 Dependencies Between the Perturbations

The theorem is stated assuming that the polynomials P;;(s) perturb independently. In an intercon-
nected multiloop control system, it will in general happen that some of the polynomials P;;(s) are in

fact identical (see, for example, Exercise 11.1). Such dependencies can be easily handled. To avoid
introducing cumbersome notation we illustrate the procedure with an example.

Consider the following multilinear interval polynomial family with dependencies between the
perturbations:

8(s,p) := F1(8)P11(8)P12(8) + F2(8)P21(3)Pa2(8) + F3(s)Ps1(s)Ps2(s)

where Py;(s) = P21(s) and P23(8) = Ps2(s) and each polynomial P;j;(s) is interval. If we rewrite
embedding the above constraints, we have

8(s,p) = F1(8)P11(8)P12(8) + F2(8)P11(8)Py2(8) + F3(s)P31(s)Pas(s). (44)

Let us first fix Py;1(s) and P3;(s) and apply GKT. This tells us that the Hurwitz stability of the set
A(s) is equivalent to stability of the sets

I1(s) = {F1(8)P11(8)S12(3) + (F2(8) Pr1(8) + F3(8) P31(s))K22(s) }
12(8) = {Fl (S)Pll(S)Km(«?) + (Fz(S)Pll(S) + F3(3)P31 (8))822(3)}
for each (Py1(s), Ps1(s)) € P11(s) x P3;(s). We now apply GKT again to each of the sets I,(s) and

I,(s) letting P11(s) and P;;(s) now vary. This leads to the condition that the robust stability of
A(s) is equivalent to robust stability of the manifolds:

A1(s) = {0(s,p) : P11 € S11, P12 € S12, Py € Kgz2, P31 € K31}
Aq(s) = {8(s,p) : P11 € S11, P12 € K12y Pa3 € S23, P31 € K31}
Aj(s) = {8(s,p) : Pn1 € K11, P12 € S12, P23 € Ka2, P33 € Sa1}
Ay(s) = {6(s,p) : P1 € K11, P2 € K12, Paa € S22, P31 € S31}-
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Since Aj(s) is a polytope, we now can apply the Edge Theorem to conclude that this is stable if
and only if its exposed edges are. These exposed edges are

{6(s,p) : Pr1 € K11, P12 € S12, P2z € K32, P3; € K31} (45)
{6(s,p) : P11 € K11, P12 € K12, Py € K22, P31 € 831} (46)

It is easy to see that the manifolds (45) and (46) are contained in A,(s) and A4(s) respectively.
Therefore the set of manifolds that finally need to be checked is

AE(8) := Aj(8) U Az(s) U Ay(s). 47

5.1.2 Interval Polynomial Matriz

An important special case of dependent perturbations is that of interval polynomial matrices. Let
M (3) be an n x n polynomial matrix whose i5** entry is the polynomial P;;(s). The characteristic
polynomial associated with this matrix is det[M(s)]. We assume that each P;;(s) belongs to an
interval family P;;(s) and the parameters of each Pj;(s) are independent of all others. Let M(s)
denote the corresponding set of matrices. We will say that the set is stable if det[M(s)] is Hurwitz
stable for every M (s) € M(s). To test Hurwitz stability of the family of characteristic polynomials
so obtained we have the following result. Let T be the set of n x n permutation matrices obtained
from the identity matrix. Corresponding to each T' € T, introduce the set of polynomial matrices
Mr(s) where P;;(s) ranges over K;;(s) if the ij*® entry of T is 0 and P;;(s) ranges over S;;(s) if the
ij*" entry of T is 1. Let M*(s) denote the collection of matrices Mr(s) obtained by letting T range
over all permutation matrices T.

Theorem 12. M(s) is Hurwitz stable if and only if M*(s) is Hurwitz stable.

5.1.8 Boundary Generating Property of the Extremal Manifolds

We have established that Hurwitz stability of the family A(s) is equivalent to the stability of the
manifolds Ag(s). This equivalence also follows from the following boundary result relating the
image sets A(jw) and Ag(jw).

Theorem 13.
0A(jw) C Ag(jw) (48)

The boundary result established above implies that the problem of checking robust stability is now
reduced to verifying that the origin is excluded from the set Ag(jw) for each w in [0, 00). This is
a great deal simpler than the original problem because of the greatly reduced dimensionality of the
set Ag és; relative to the original set A(s). However, this verification is still not easy because the
set Ag(s) is multilinear in the parameters );. At this point, the Mapping Theorem can be brought
in and used to approximate Ag(jw). Indeed, since Ag(s) depends multilinearly on the parameters
Aij associated with the Kharitonov segments, the vertex set of A(s) can be generated by setting the

P;;(s) to the corresponding Kharitonov polynomials. Let
Ax(s) = {8(s,p) : Py(s) =K (s), ii; €4, i€m, jErm}. (49)
We can also introduce the polytopic set consisting of convex combinations of the vertex polynomials:
A(s) = {Avi(s) + (1 — Nvj(s) : vi(s),v;(s) € Ak(s), A€ [0,1]}. (50)
It follows from the Mapping Theorem now, that
co Ap(jw) = co Ak (jw) = Ak (jw).

Therefore, the condition that Ag(jw) excludes the origin can be replaced by the sufficient condition
that Ak (jw) exclude the origin. Since this latter set is a polytope, this condition can be verified by
checking that the angle subtended by the set Ak (jw) at the origin, ®a, (jw) is less than « radians.
Therefore we have proved the following result.

Theorem 14. The family A(s) is Hurwitz stable if it contains at least one stable polynomial and
satisfies

1) 0 & co A(jw) for some w 2) ®a, (jw) <=, for all w € [0, 00).
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This result states that the Hurwitz stability of A(s) can be determined by checking the phase
difference of the vertex polynomials corresponding to the Kharitonov polynomials along the jw axis.
This is useful in view of the fact that the number of Kharitonov vertices is fixed whereas the vertices
of TI increase exponentially with the dimension of the parameter space. We illustrate these results
with examples.

Ezample 13. Consider the interconnected feedback system shown in Figure 40.

F(s) P(s) Q(s)

Figure 40: Interconnected Feedback System (Example 13)

Let
__Fi(s) _s+2 _ Py(s) _ s2+s+1
Fls) := F(s)  s+1’ P(s) := Py(s)  s*+axs2+4s+ap’
0(s) i 1) _ 665 +18.55% + 165,55 + 204
T Qa(s) 83 +b2s?+3.55+24

and let the set of parameters p = [a3, ag, b2] vary as follows:
as € [a;,a]] = [-3.625,-2.375), aq € [a5,af] = [1.375,2.625], b, € [by,bF] = [2.875,4.125].
The characteristic polynomial of the system is:

5(s,p) = 87 + (7.6 + ag + b2)s® + (40.8 + az + by + azby)s® + (85.7 + ag + 3.5a3 + 4b; + azby)s*
+(137 + ao + 5.9az + 4bs + agbs)s® + (158.3 + 3.5a0 + 2.4a; + agbs)s?
+(101.8 + 5.9a0)s + (40.8 + 2.4a0).

We verify that the following polynomial in the family is Hurwitz:

8(s,p =[-3,2,3.5)) = 87 +8.15% + 30.85% + 80.7s* + 142.35> + 165.1s% + 113.6s + 45.6
The parameter sets corresponding to the Kharitonov polynomials are
{(af,aq,b3), (a5 ;03 ,b%), (af ,a5,b7), (a5, 08 ,b3)} -
The set of Kharitonov vertex polynomials is
Ak (8) = {8, (), 6k, (5), 85 (8), 8 (9))

where

Ok, (3) = 87 +9.355% + 32.75315° + 85.46565* + 146.53445° + 163.0844s° + 109.9125s + 44.1
Ok, (3) = 87 + 8.10s% + 34.4719s° + 83.43445* + 139.81565° + 161.36565° + 109.9125s + 44.1
8k, (8) = 87 + 8.10s°% + 26.3469s° + 77.18445* + 145.56565° + 169.61565% + 117.2875s + 47.1
Sk, (8) = 87 + 6.855% + 20.6281s° + 76.7156s* + 137.2844s> + 166.33445% + 117.28755 + 47.1

One approach is to check the Hurwitz stability of all convex combinations of these polynomials. This
in turn can be done by using the Segment Lemma. Alternatively, we may check the phase differences
of these vertex polynomials. If the maximum phase difference is less than 180° (7 radians) for all
w, the origin is excluded from convex hull of Ag(jw) for all w. We show the convex hulls of image
sets in Figure 41 for illustration.

We confirm robust stability by verifying (see Figure 42) the maximum phase difference never
reaches 180° for all w. We also note that if we had applied the Mapping Theorem directly to the
three dimensional parameter space p, we would have had to check 8 vertices as opposed to the 4
vertices checked here. This reduction is due to the application of the multilinear version of the
Generalized Kharitonov Theorem.

40



50+ : E

-50 B 4

-100

Imag
“

-150+ b

200+

-250 . : - : '
(100 -0 0 50 100 150 200 250

Real
Figure 41: Convex hulls of image sets (Example 13)
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Figure 42: ®a, (w) vs. w (Example 13)

5.2 PARAMETRIC STABILITY MARGIN
Consider again the family of polynomials

A(3) = Fy(8)P11(8) - - P1py(8) + - - + Frn(8)Pm1(8) - - - Pns, (). (51)
Let p;; denote the vector of coefficients of the polynomials P;j(s). Each such coefficient belongs

to a given interval and the corresponding box of parameters is denoted by II;;. Then the box of
uncertain parameters is

Il .= Hu XH12 x--ame,.m. (52)
The extremal manifolds Ag(s) are defined as follows:
Ag(s) = Fi(s)Kni(8) - Kiny (8) + - + Fima()Kim1,1(8) -+ Kioar 2, (8)
+F(3)811(8) - - St (8) + FinKisr,1(8) -+ Kigrrigy + - + Fn(8)Km1(8) -+ - Kim . (8) (53)
Ag(s) = U, AE(s). (54)
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The parameter space subsets corresponding to AL(s) and Ag(s) are denoted by IT; and

Ig = | I, (55)

=1

Let ITk denote the parameter vector set corresponding to the case where each polynomial P;;(s) set
to a corresponding Kharitonov polynomial. We write

A(s)={d(s,p) : peIl},  Ag(s)={d(s,p) : peIle}, Ax(s)={d(s,p) : pellk}.

In this section, we show that for the family A(s) in (51) the worst case parametric stability
margin over the uncertainty box IT occurs, in fact, on the set Ilg.

Let || - - - || denote any norm in R" and let P, denote the set of points u in R™ for which (s, u)
is unstable or loses degree (relative to its degree over IT). Let

p(p) = inf |lp —ull,

denote the radius of the stability ball (measured in the norm || - ||) and centered at the point p. This
number serves as the stability margin associated with the point p. If the box II is stable we can
associate a stability margin with each point in II. A natural question to ask is: What is the worst
case stability margin in the norm || - || as p ranges over II? The answer to that question is provided
in the following theorem.

Theorem 15. (Extremal Parametric Stability Margin)
nf p(p) = inf p(p). (56)
Ezample 14. Consider the system in Example 13 with nominal values
ad = -3, a)=2, b=35.
We compute the maximum parametric stability margin €* around the nominal values as follows:
az € [a9 — €,0+ €], ao € [a) —€,ad +¢], b2 € [b) — €,b3 + €]

From the four vertices given in Example 13, we have six segments bounding the convex hull of the
images. To check the stability of these segments, we apply the Segment Lemma with incremental
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Figure 43: Image set for ¢ = 0.63 (Example 14)

steps of e. This gives ¢* = 0.63. The image set of the characteristic polynomial with €* is shown in
Figure 43. The figure shows that the image set is almost touching the origin and thus ¢* = 0.63 is
the parametric stability margin.
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5.3 MULTILINEAR INTERVAL SYSTEMS

In the rest of this section, we will be dealing with transfer functions containing interval parameters
with multilinear dependency. The transfer function in question could be embedded in a feedback
control system and we will be interested in determining robust stability as well as worst case stability
margins and performance measures of such systems. We begin by first focussing on a multilinear
interval system, namely one whose transfer function is a ratio of multilinear polynomials with in-
dependent parameters. To be specific we will consider single-input, single-output, proper, stable
systems with transfer function of the form

G(s) = g%.

Here ,
¥(s) = H1(8)L11(8)L12(8) - L1 (8) + -+ + Hin(8)Lim1(8)Lm2(8) -+ Linr,a (8)

where the polynomials H;(s) are fixed and the polynomials L;;(s) € L;;(s) are independent real
interval polynomials. Let 1 denote the ordered set of coefficients of the interval polynomials; 1 varies
in a prescribed axis parallel box A; the corresponding family of polynomials v(s) is denoted by I'(s).
Similarly we suppose that

8(s) = F1(8)P11(8)P1o(8) -+ Prpy(8) + -+ + Fr(8) P (8) P2 (8) - - - Prar, (8)

where the polynomials F;(s) are fixed, the polynomials P;;(s) are real interval polynomials with
the vector of coefficients denoted by p varying in the prescribed box II. The resulting family of
polynomials 8(s) is denoted A(s). We also denote explicitly the dependence of §(s) on p and of v(s)
on 1 by writing é(s, p) and v(s,1) whenever necessary. We make the standing assumption.

Assumption 1.
A1) Parameters p and 1 are independent.
A2) v(s,1) and &(s,p) are coprime over (p,1) € IT x A.
A3) 6(jw,p) # 0 for all p € IT and each w > 0.

Later in this section we show how to deal with the situations when assumption Al does not hold.
To display the dependence of a typical element G(s) of G on 1 and p we write it as G(s,p,1):

Glop) = 2o 57)

We form the parametrized family of transfer functions

I'(s)

G(s) ={G(s,p,])) : (p,]) € (Tl xA)} = AG)

(58)

In order to apply frequency domain methods of analysis and design to the family of systems
G(s) it is necessary to obtain the image set G(jw). We first show how the boundary of this set can
be evaluated. We proceed as in the linear case by determining an extremal multilinear interval family
of systems Gg(s) . Introduce the Kharitonov polynomials and segments associated with the P;;(s)

and L;;(s) respectively, and construct the extremal polynomial manifolds Ag(s) and I'e(s) and the

vertex sets Ak(s) and I'k(s) as in Section 5.1. Let Ilg, Ag and Ilk, Ak denote the corresponding
manifolds and vertices in II and A respectively:

Te(s) = {v(s,1):1€ Ag},  Tk(s) = {7(s,]) :1€ Ak}
Ag(s) = {6(s,p) : p € Ig}, Ak(s) = {d(s,p) : p € lIk}.

The extremal set Gg(s) is then defined as

G (s) :={%:(1€AK, &) o (1€ A, PGHK)}- (59)

Using our compact notational convention we can write
Tk (s) ) ( Te(s) )
Ge(s) = Ul—=%1].
0= (2507) (229
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Theorem 16. Under the Assumption 1,
G (jw) C Ge(jw)
for all w € [0, 00).

Now suppose that G(s) is part of the control system shown in Figure 44.

T € u Y

F(s) G(s)

Figure 44: A unity feedback system

Define transfer functions:

y(s) _ u(s) _
ue) G(s), ) F(s), (60)
ofqy . ¥(8) _ ey .- €8) _ 1
wigy . U8 _ _ F(s) _y(s) _ _F(s)G(s)
T =15 S T3 FGE)” L @ = e S 15 FG)GE) (62)

As G(s) ranges over the uncertainty set G(s), these transfer functions vary in corresponding sets.

T(s) := {F(3)G(8) : G(s) € G(s)}, T(s) := {TF(IS)EE : G(s) € G(s)}
F(s) F(3)G(s)

Tu(S) = {m’m : G(S) (S G(S)} TV(S) = {?'F(S)—G—,—(—S'j : G(S) € G(S)} (63)

It turns out that the boundary of the image set, at 8 = jw, of each of the above sets is generated by
the extremal set Gg(s). Introduce the extremal subsets:

Tg(s) :={F(s)G(s) : G(s) € Ge(s)}, Tg(s):= {HT(ls)G—(B : G(s) € GE(s)}(,G4)
N F(s) ) _ F(8)G(s)
E(s) = {mm : G(s) € GE(S)}7 Tg(s) := {ﬁm 1 G(s) € GE(S)}(55)

Theorem 17. For every w > 0,
(a) 8T°(jw) C Tg(jw) (b) OT*(jw) C Tg(jw) (c) 8T*(jw) C TE(jw) (d) 0T¥(jw) C TE(jw)

All the boundary results related to the Nyquist and Bode envelopes given in the previous section
carry over to the multilinear case with the corresponding extremal set Gg(s). In the following
subsection we show that these boundary results hold for a much larger class of functions of G(s).

5.8.1 FErxtensions of Boundary Results

In defining our multilinear interval system we had assumed that the numerator and denominator
parameters of G(s) are independent. However for closed loop transfer functions this assumption of
independence does not hold. Nevertheless the boundary generating property of the set Gg(s) still
holds for these closed loop transfer functions. It is natural to attempt to generalize this bound-
ary generating property to a large class of functions where dependencies between numerator and
denominator parameters occur. Such dependencies invariably occur in the transfer functions associ-
ated with multiloop control systems. We begin with a multilinear function Q(s) of several transfer
functions G*(s),i = 1,2---,q. Let us assume that each G*(s) itself lies in a multilinear interval
family of systems G*(s) defined as in this section, with independent parameters in the numerator

and denominator. We also assume that the parameters in G*(s) are independent of those in G?(s),
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i # j. Note that if we regard Q{s) as a rational function its numerator and denominator polynomials
contain common interval parameters. Let

Q(s) := {Q(s) : G'(s) € Gi(s), i=1,2---q}.
We wish to determine the complex plane image set of the family Q(s) evaluated at s = jw:
Q(jw) :={Q(jw) : Gi(s) € Gi(s), i=1,2---g}.
Let Gi(s) denote the extremal subset of G*(s) and introduce
Qe(jw) := {Q(jw) : G'(s) € Gi(s), i=1,2---q}.
Then we can state the following boundary result.

Theorem 18. ‘
0Q(jw) C Qe(jw). (66)

We can generalize the above property even further. Let Q(s) be as above and consider a linear
fractional transformation (LFT) T(Q(y:s)) defined by arbitrary functions A(s), B(s),C(s) and D(s)

A(s)Q(s) + B(s)
C(s)Q(s) + D(s)

T(Q(s)) = Qu(s) :=

Introduce the set . B A()Q(s) + B(s) |
(Q(s)) = {C(S)Q(S) + D(S) . Q(s) € Q(S)} M

Let us now impose the restriction

A(jw)D(jw) — B(jw)C(jw) # 0. (67)

Under the above restriction 7(Q(jw)) is a LFT of Q(jw) and thus carries boundaries onto boundaries.
Thus we know that the boundary of Q;(jw) is also generated by the extremal systems Gg(s).

Theorem 19. Let Q(s) be as defined above and let T(Q(s)) be an LFT. Then, assuming (67) holds
T (Q(w)) € T(Qe(jw))-

Remark 5. We remark that any LFT of Q;(s) as well as sums and products of LFT’s continue to
enjoy the boundary generating property of the extremal systems. In this way a large class of transfer
functions occurring in closed loop systems can be handled.

5.3.2 Computation of Gg(jw)

As we have seen, the determination of the set G(jw) reduces to evaluating Gg(jw), a set of smaller
dimension. Nevertheless, Gg(jw) is still a multilinear function of the uncertain segment parameters.
The only way to exactly evaluate this set is by gridding over the uncertainty box. In general this
procedure is computationally expensive or even infeasible. Fortunately, as we have seen earlier,
the “concave” property of the image set of multilinear interval polynomials given by the Mapping
Theorem allows us to overbound Gg(jw) by a ratio of unions of convex polygons. Recall that

o) = (85652) * (1) )

From the Mapping Theorem we have
T'e(jw) C co Tk (jw), Ag(jw) C co Ak(jw).

Now consider Gg(jw) defined by replacing T'g(jw) and Ag(jw) by co I'k(jw) and co Ak(jw)
respectively. In other words,

A ey I'k (jw) co Ik (jw)
Geliw) = ( Zx(jw)) U( Ax(jo) ) (69
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It is clear that Gg(jw) overbounds Gg(jw):
Gg(jw) C Ge(jw)- (70)

The evaluation of Gg(jw) is relatively easy because it consists of a union of one-parameter families
of transfer functions of the types

() + (1= W) U(w)
V() Vi (j) + (1= WVa ()

The union of these one-parameter families gives rise to Gg(jw) which overbounds the boundary of
G(jw). The tightness of the approximation can be improved as we have seen before, by introducing
additional vertices in the parameter set IT x A. The guaranteed gain and phase margins of a control
system containing parameter uncertainty may be obtained from these overbounded sets as shown in
Figure 45. The image at s = jw of each of the transfer function sets associated with the feedback

Figure 45: Guaranteed gain and phase margin using overbounded sets

system considered in Figure 44 can be overbounded by replacing G(jw) by Gg(jw), and in fact we
can do the same for any linear fractional transformation of G(s). An example of this calculation
follows.
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Ezample 15. (Nyquist, Bode and Nichols Envelopes of Multilinear Systems) The purpose
of this example to show how to construct the frequency domain envelopes (Nyqulst Bode and Nichols
envelopes) of the multilinear interval family. Let us recall the system given in Example 12:

(s +2)(s% + s+ 1)(6.65® + 13.58% + 15.5s + 20.4)
(8 + 1)(s% + axs? + 48 + ag)(s® + bas? + 3.55 + 2.4)

F(s) P(s)Q(s) =

where
az € [ag,a]] = [-3.625,~2.375],  ag € [ay,ad] = [1.375,2.625), by € [b;,bF] = (2.875,4.125].

From Theorem 16, it is enough to consider Gg(jw). Since this particular example has parameters
only in the denominator, we have

(8 +2)(s% + s +1)(6.65% + 13.55% + 15.55 + 20.4)|s=ju,
Ag(jw)

8 (F(jw)G(jw)) C F(jw)Ge(jw) =

where Ag(jw) consists of the six line segments joining the following four vertices:

8% + b3 8% + 3.55 + 2.4)|s=ju»

(s + 1)(s® + aF 8% + 45 + a5 )(s® )
(8% + by 8 + 3.55 + 2.4)|s=ju>
( )
(s® )

(s+ 1)(s®+afs* +4s+ag
(8+1)(s® +a;8% +4s+ag
(8 +1)(s® +a; 8% +4s +af

8% + b3 5% + 3.55 + 2.4)|s=ju»
8 +b 8% +3.55 +24)|s=ju-

Figures 46, 47, and 48 are obtained accordingly.
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Figure 46: Nyquist envelope {Example 15)

5.4 H, STABILITY MARGIN

In this section we use the boundary results derived above to efficiently deal with many frequency
domain measures of performance and, in particular, to determine worst case performance over the
parameter set associated with a multilinear interval systems. We will use the standard notation:
C; := {s € C : Re(s) > 0}, and Hy(C,4) will represent the space of functions f(s) that are
bounded and analytic in C; with the standard H, norm,

[ flloo = sup [f(jw)}.
weER
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Let us consider the multilinear interval family of systems G(s) defined earlier (see (58)) and let
us assume that the entire family is stable. To determine the unstructured stability margin of
control systems containing the family G(s) we need to determine the supremum of the H,, norm of
certain transfer functions over G(s). Since the Hy, norm-bounded perturbations provide uniform
perturbations at all frequencies, it is desirable to shape this perturbation by introducing a weight.
Let the weight W (s) be a scalar stable proper transfer function

"= g

To start with, let us look at two specific robust stability problems involving mixed parametric-
unstructured uncertainty:

Problem I: Consider the configuration in Figure 49, where W (s) is a stable proper weight, G(s) is
a stable multilinear interval family of systems, and AP is any H,, perturbation that satisfies
I|AP|| < a. Find necessary and sufficient conditions for stability of the family of closed loop
systems.

AP W{(s)

Figure 49:

Problem II:  Consider the feedback configuration in Figure 50, where W(s) is a stable proper
weight, AP is any H,, perturbation that satisfies || AP|| < a, and C(s) is a controller that si-
multaneously stabilizes every element in the set G(s). Find necessary and sufficient conditions
for stability of the family of closed loop systems.

w AP

C

Figure 50:

The above problems are generalized versions of standard H, robust stability problems where
a fixed plant is considered. Here, the worst case solution is sought over the parameter set IT x A.
We solve this problem by using the Small Gain Theorem and determining the worst case over the
uncertainty set. The solution is accomplished by showing that the H,, norms in question attain
their supremum value over the extremal set of transfer functions Gg(s) C G(s) defined in (59). We
can now state the main result of this section.

Theorem 20. (Unstructured Stability Margins)
1) The configuration of (Figure 49) will be stable if and only if a satisfies

a < 1 =
supege W 9lloo

-
0"

2
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2) The configuration of Problem II (Figure 50) will be stable if and only if o satisfies

1
< =
= supgege IWC(1 + 90) oo

oy,

Remark 6. The quantities a} and o serve as unstructured H,, stability margins for the respective
open and closed loop parametrized systems treated in Problems I and II.

Remark 7. In practice we can further replace Gg(s) by the image set overbounding polytopic family
GEg(s), and obtain lower bounds on these margins from Gg(s). We can also obtain upper bounds on
these margins from the set of Kharitonov vertex systems of the family. Furthermore, the extremal
results stated above also hold for any LFT of G(s).

5.5 NONLINEAR SECTOR BOUNDED STABILITY MARGIN

We now consider the effect of nonlinear perturbations on the multilinear interval family G(s) defined
in the last section (see (58)). The nonlinear perturbations will consist of all possible nonlinear gains
lying in a sector [0, k). In other words, we consider the configurations in Figures 51 and 52.

G
¢ w
Figure 51:
¢ w
C G
t
Figure 52:

The gain block ¢ consists of all nonlinear time-varying gains ¢(t, o) satisfying
#(t,0)=0 forallt>0 and 0<o¢(t,o0) < ko?.

This implies that ¢(t,o) is bounded by the lines ¢ = 0 and ¢ = ko. Such nonlinearities are said to
belong to a sector [0,k]. G(s) will be assumed to lie in' the multilinear interval family G(s). The
problem is to determine the largest size of the sector k for which robust stability is guaranteed. This
is the multilinear version of the robust Lur’e problem. As before, the solution depends on the strict
positive realness (SPR) properties of the family in question. First we have the following.

Lemma 3. (Extremal SPR Properties)
1) Let G(s) be the multilinear interval family defined in (58) and assume that G(s) is stable. Then

Jdof, inf Re(W(jw)G(jw)) = inf inf Re(W (jw)G(jw)).
2) If C(s) is a controller that stabilizes the entire family G(s), then
inf in%Re (W (jw)C(jw)G(jw)(1 + C(jw)G(jw)) ™) =

GeEGwE

G2 inf Re (W(jw)C(w)G(w)(1 + C(iw)G(w) ™)
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Theorem 21. (Nonlinear Stability margin)
1) Let k* > 0 be defined by:

1 . . . .
sup {k C T + Glencf;E L3161%Re(W(Jw)G’(]w)) > O}

then the closed loop system in Figure 51 is absolutely stable for all nonlinear gains ¢ lying in
the sector [0, k*].

2) Let k* > 0 be defined by:

sup {k : % + GiEnéE 31611;{Re (W (jw)C(jw)G(jw)(1 + C(jw)G(jw)) ™) > 0}

for the controller C, then the closed loop system in Figure 52 is absolutely stable for all non-

linear gains ¢ lying in the sector [0, k*].

Ezample 16. (Stability Sector for Multilinear Interval Systems) Consider the system used
in Example 12. We plot the frequency domain image of the closed loop system transfer function
F(s)G(s)

M(S) = {]_-}-T(S)GG)‘ : G(S) € GE(S)} .

Figure 53 shows that the nonlinear sector is given by % = 20.5012.

150
100} g
e ;
g 50+ : 7
1k
0
-50 '
-50 0 50 100 150

Real
Figure 53: Frequency domain image of M(jw) (Example 16)

5.6 INTERVAL PLANTS AND DIAGONAL REPRESENTATION OF PERTURBA-
TIONS

In the robust control literature it has become customary to represent system perturbations in a
signal flow diagram where the perturbations are “pulled” out and displayed in a feedback matrix
A with independent diagonal or block-diagonal entries A; as shown below in Figure 54. M(s) is
a suitably defined interconnection transfer function matrix of appropriate size and A is a block
diagonal matrix containing all the perturbations affecting the system dynamics. In general this
would include real parametric uncertainty as well as norm-bounded uncertainty blocks with the latter
representing either actual unmodelled dynamics or fictitious performance blocks. The popularity of
this representation is due to the fact that almost all types of uncertainties including parametric and
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Figure 54: System with uncertainties represented in feedback form

unstructured uncertainties can be accurately and explicitly represented in this framework. Moreover,
the feedback representation allows us to use the Small Gain formulation and thus convert robust
performance problems into robust stability problems.

Although this formulation does not add anything to the the rich structure of interval systems
already developed, it is nevertheless instructive to interpret the solution given by the Generalized
Kharitonov Theorem in the linear and multilinear cases in this framework. We begin in the next
subsection with the diagonal representation of a single interval system. This is subsequently extended
to the case of multiple interval systems and multiple norm-bounded perturbation blocks. This type
of mixed perturbation problem arises in systems with several performance specifications. We show
how the boundary properties of the extremal systems Gg(s) established in the GKT play a role in
the solution of these problems.

5.6.1 Diagonal Feedback Representation of an Interval System
Let G(s) be a interval plant

_{NG)

o= {3 :

(N(s) x D(s) € (N(s) x D(s))} (1)

where N(s) and D(s) are interval polynomial families. The four Kharitonov polynomials associated
with the interval polynomial D(s) can be written as follows:

Kp(s) = Dyer(s) + Daa(s), Kb (s) = Diyia(s) + Do (9),
K}(s) = Deven(s) + Do), Kp(s) = Diyai(s) + D).

We know that, as far as frequency domain properties at s = jw are concerned, the interval polynomial
D(s) can be replaced by the following reduced 2-parameter family:

Dg(s) = {D(s) : D) + A\ De(s) + X2Do(s) X € [-1,1]} (72)
where 1 1
De(s) = 5 (Dy2(s) = Do(s)),  Dols) = 5 (DE4(s) — Diid(s)
and 1
D%(s) = 5 [Dmax () + D’ () + Dpis(s) + D (s)]
is the nominal polynomial. Similarly N(s) can be replaced by:
Ng(s) = {N(s) : N°(8) + AsNe(s) + MaNo(s8), N €[-1,1]}. (73)

1t is clear from the above that an interval plant is completely characterized in the frequency domain
by the 4-parameter family Gr(s):

Gr(s) = {gg; . (N(s8) x D(s)) € (Nr(s) x DR(s))} . (74)

Now write y(3) = G(s)u(s),

(8) = No(s) + A3 Ne(8) + AgNo(s)
yls) = DO(s) + M De(s) + A2Do(5)

u(s).
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This may be rewritten as follows:
y(s) = [Do(s)] -t {(N°(8) + AsNe(s) + ANo(8)) u(s) — (A1 De(8) + A2Do(s)) y(s)} (75)
or, suppressing 8, as
y = [(D°)7IN® + A3(D°) "IN, + A (D°)ING) u — [A(D°) 71D + Ao (D) 7' D, ] . (76)

Corresponding to (76), we have the block diagram shown in Figure 55.

u ()
[D?]INO -
23 w3 wy 21
A3 [Do]”l N, [DO]'1 D, Al
24 Wy w2 22
A4 [Do]‘lNo [Do]‘1 D, Az

Figure 55: Four parameter structure

This input-output relation may be written as follows:

2 -D, -D, N. N, N°© w
Z32 —De —Da Ne No NO wsy
z3 | = (D! 0 0 0 0 D° w3 (77)
24 0 0 0 o DY Wy
y -D, -D, N. N, N° u
with
w; = ANz, t=1,2,3,4. (78)

Let z := [z, 22, 23, z4]T and w := [wy, wg, w3, w4]T. The above equations can then be rewritten as

z(s) = M1 (s)w(s) + Miz(s)u(s), y(s) = Mar(s)w(s) + Maz(s)u(s), w(s) = Az(s).

where
M(s) = (79)
-—[DO]_IDe _[1)0]—11)(7 [DO]_INe [DO]—INO [DO]—INO-
—[D° _lDe ~[Do —lDo DO —lNe Do _lNo DO°1-1N0O
Mu(s) § Maa(s) [D°] [D°] (D] [D°] ' [D°]
— 0 0 0 0 : 1 (80)
M2y (s) : Maa(s) 0 0 0 0 : 1
L_[DO]_IDe _[DO]—lDo [DO]"INe [DO]_INO [DO]_INO_
and

b
A
_ AR ._ 2
A =A% = As
A4

Consequently, we have the configuration shown in Figure 56.
The result established from GKT tells us that robust stability of the four parameter feedback
structure given in Figure 56 is further equivalent to that of a reduced set of one-parameter extremal
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Figure 56: 4-parameter feedback representation of an interval system

AL

M'(s)
u y

Figure 57: A typical element of the extremal set Gg(s)

feedback structures in which each structure contains a single perturbation block. In Figure 57 we
display a typical such extremal system structure where A, is the only perturbation block and the
remaining \’s are set to the vertex values +1 or —1.

This is denoted in the equations by writing Az = A3, A3 = A} and Ay = A}. The system equations
assume the form

[7'1] — Mi,(s) {2(3)} [wl] (81)
v ] T [Mh(s) Migls)| | w
M (a)
with
w1=A1z1
where

M}, (s) = My, (s) = (1+ A3[D°] 71 D,) ! [D°] ' D,
My, (s) = Myy(s) = (1+ ’\;[DO]—IDO)_X[DO]_INO + )‘:;[DO]—lNe + /\;[DO]_INO-

The interval plant G(s) can always be replaced by the above set of one-parameter structures
GEg(s) regardless of the rest of the feedback system. If the intervals in which the parameters vary
are not fixed apriori one can also determine their maximum permissible excursion using the same
framework. The only difference in this case is that the Kharitonov polynomials, and therefore the
system M’ defined from them, have parameters which depend on the dilation parameter € as shown
below in Figure 58.

A

wy Fal
M'(e, 5)
U Y

Figure 58: An element of Gg(e, s)

The limiting value €* of ¢ is determined as the smallest value of € for which the control system
containing one of the one parameter structures representing Gg (¢, 8) acquires a pole on the imaginary
axis. Thus €* can be found using several methods which include the Segment Lemma and the
Bounded Phase Conditions. Of course, by restricting attention to the class of controllers which
satisfy the vertex conditions given in GKT we get further simplification in that all the A’s can be
frozen at vertices, and €* can be found from the vertex systems.
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The above discussion may be summarized by stating that if G(s) is an interval plant contained
within a control system structure, we can always replace it with the set of one-parameter extremal
systems Gg(s) for the purposes of determining worst case performance and stability margins and for
carrying out worst case frequency response analysis. This observation holds also for linear interval
systems and polytopic systems. In the case of multilinear interval systems we can again replace
the plant set G(s) by the corresponding set of extremal systems Gg(s) which now consist of a set
reduced dimensional multilinear systems in terms of the interval parameters A;. This can in turn
be replaced by a polytopic family using the Mapping Theorem. Finally, an extremal one-parameter
family can be constructed for this polytopic system as shown in this section.

5.6.2 Interval Plant with H,, Norm-Bounded Uncertainty

Now let us consider the mixed uncertainty system in Figure 59.

A
Az
A3
A4

w z

M
u ()

A

Figure 59: 4-parameter representation of interval system with unstructured uncertainty

It consists of an interval plant with an unstructured perturbation block A lying in a Hy, ball of
specified radius. As before, the interval plant can be represented in terms of four feedback parameters
around a suitable interconnection transfer matrix M (s). We can now represent all the perturbations,
parametric as well as unstructured, in feedback form around a suitably defined system P(s). Thus,
we have the structure shown in Figure 60 with an appropriate P(s). This four-parameter system

A
A1
.. N
w z
—_—— ] P ———
u y

Figure 60: Feedback representation of mixed uncertainties

can be reduced to the extremal set of single parameter uncertainty problems. A typical element of
this extremal set is shown in Figure 61 with an appropriate P’(s). By eliminating the feedback loop
associated with X this can also be represented as the structure shown in Figure 62.

5.6.3 Multiple Interval Systems and Unstructured Blocks

Let us now consider the general configuration given in Figure 63.

M(s) is an interconnection transfer function matrix of suitable dimensions and AY(s) is a diagonal
matrix containing all the unstructured system perturbations. The unstructured perturbations can
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Figure 61: A typical element of the extremal set of systems

A
wy 21

P'(s,\)
U y
Figure 62: Equivalent representation of an extremal system

—_—

Ay

M

_—— T ———_———_—

w z

Figure 63: System with uncertainties represented in feedback form

be considered by introducing the class of perturbations D*(r) defined as

Ay
D¥(r) = AU = Ay e A (82)
Ar

where A, is a ball in the space of H,, real rational functions, denoted by RH,, with radius 1
A, ={A : A€ RH,, ||Allx <1}.

Parametric perturbations or uncertainty can be modeled by letting interval transfer functions rep-
resent each physically distinct subsystem. These individual systems can then be “pulled out” and
represented in feedback form as described earlier. The result of doing this is the general representa-
tion of the system shown in Figure 64.

In this representation, the AU block represents multiplé norm-bounded uncertainties, and the AP
block accounts for parameter perturbations modeled as the set of independent interval systems G*(s)

arranged in diagonal form:
G
DC%(q) = : GieG'y. (83)
G,
From the discussion of the last subsection we can immediately replace each interval system by a
four-parameter set. Further we can also replace each interval system G*(s) by the corresponding

extremal set GL:

G
D¢ (q) = : Gi€GL ). (84)
G,
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__________________________

..........................

__________________________

Figure 64: Feedback representation of multiple interval plants and unstructured uncertainties

For carrying out frequency domain analysis, the system in Figure 64 can therefore be replaced by
Figure 65 where AUZ belongs to the mixed complex-real perturbation class DUF defined as

AU
N
DUP(r; 4g) = b . (85)
Atq
Ml
LM E
: A, 3
' A '
z |
E DUP E

...............................

Figure 65: Feedback representation of mixed complex-real block diagonal uncertainties

This representation can be used to formulate a variety of robust stability and performance problems.
We illustrate this by considering two specific examples.

Ezample 17. Consider the control system shown in Figure 66.
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Figure 66: Robust performance problem (Example 17)

In this system there are two independent subsystems containing parametric uncertainty which
are modelled by the interval systems G (s) € G!(s) and G2(s) € G*(s). Unstructured perturbations
are represented by the block A}, and appropriate scalings have been introduced to allow A; to belong
to A, the Ho, ball of radius unity. The specifications on the system performance are stated as the
following requirements:

1) Robust Stability ~The system must be stable for all G1(s) € G'(s), G2(s) € G*(s), A; € A,
and

2) Robust Performance The worst case Hy, norm of the closed loop transfer function be bounded

by unity:
sup || Try(G1,G2,A1)]le0 < 1,
G11G2vA1
where T, is the transfer function from r to y.
This problem can be cast in the framework developed above, and treated as a robust stability

problem by introducing a fictitious performance block A; € A, connected between r and y as
shown in Figure 66. The equations describing the system in Figure 66 are

21 0001-1 un w1 G1 0 0 0O rzl
22 1000 0 wo wo 0 Gz 0 00 ¥4
z3| =11000 O ws |, wy3| =10 0 A, 0O 23
Z4 01100 r T 0 0 A2 0 Z4
Yy 01100 u u 0 00 0C y

The “feedback” perturbations belong to the class

DG(2)={[G1 62] :GleGl,GzeG2}, DU(2)={[A1 A, :AI,AgeAl}

and the interconnection matrix is

Il
OO - =O
—_— -0 O O
e === =)
OO OO =

Ezample 18. We consider the system in Figure 67.
Parameter uncertainty is represented by the interval system G1(s) € G!(s) and unstructured un-
certainty consists of two independent blocks Ay, A; € A;. Wi(s) and W(s) represent frequency
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Figure 67: Robust stability problem (Example 11.7)

weightings and consist of fixed stable, proper minimum phase transfer functions. The system equa-
tions are

21 0 0 -1 -1 un w Gl 0 0 0 21
Z2 _ 0 0 —W1 —W1 Wy Wwa _ 0 Al 0 0 29
23 - W2 W2 0 0 ws ’ w3 - 0 0 Ag 0 Z3
y 1 1 0 0 u U 0o 0 o C Y

This configuration fits the general structure developed above with the “feedback” perturbation
classes being

DC(1)={G, : G1€G'} and DU(2)={[Al A2] : Al,AzeAl}

and the interconnection matrix

0 0 -1 -1

0 0o -w -
W, W, 0 0

1 1 0 0

5.6.4 -~ Extremal Properties

We have shown that parameter uncertainty can be modelled by interval systems and that both
parametric and norm-bounded uncertainty can be represented in feedback form. Moreover, each
interval system can be replaced, as far as worst case frequency domain analysis is concerned, by the
corresponding reduced 4-parameter family.

Let us now consider the system in Figure 64. Suppose that a stabilizing controller for the
nominal system has been connected between y and u. The controller is stabilizing when the feedback
perturbation is zero. Let M(s) denote the interconnection matrix with the controller attached. We
now wish to determine if the control system is robustly stable under the feedback perturbations given.
This is a real-complex mixed perturbation robust stability problem with the diagonal “feedback”
perturbation matrix (see Figure 65)

4 -Al 7 )

: Al EAls |A1|S1

N

AL

/\4m

\ L B /

We make the standing assumption that the McMillan degree of the system remains invariant under
the perturbations. The first observation we can make is obvious.
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Theorem 22. The system in Figure 64 is Hurwitz stable for all DY € D®(m) and all D* € DY(r)
if and only if the system in Figure 65 is Hurwitz stable for all DV € DUP.

The above theorem actually applies more generally. For instance a more general formulation could
allow for repeated interval system blocks.

As a further simplification in the above result, we can replace each interval system Gi(s) by

the corresponding set of extremal systems G(s). This corresponds to replacing each set of 4 Ais in
Figure 65 by their exposed edges.

Theorem 23. The system in Figure 64 is Hurwitz stable for all DY € D%(m) and all D* € DY(r)
if and only if the system in Figure 65 is Hurwitz stable for all Dp € D& (m) and all D* € DY(r).

Remark 8. The result stated above can be interpreted in terms of the worst case norm-bounded
stability margin of the system over the interval parameter uncertainty set. For a prescribed DP | this
stability margin is usually measured as a norm of the smallest destabilizing diagonal perturbation
matrix A. The norm customarily used is the maximum singular value. The worst case value of this
stability margin as D¥ ranges over the interval systems can be found by restricting DPF to range
over the extremal systems only. This is obviously a tremendous saving in computational effort.
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6 INTERVAL MODEL IDENTIFICATION

As demands for the control of flexible structures become more stringent, there arises an increasing
need for more precise means of active vibration suppression. However, there is a growing need to
develop controllers which are robust; that is the performance of the overall system needs to be
insensitive to changes in the plant parameters.

Although passive damping mechanisms such as in-house vibration absorbent materials are
helpful, more stringent requirements call for active control schemes. Several types of actuator de-
vices have been developed for applying forces to structures to meet this need. Results in the past
have also shown that various design strategies exist for controlling vibration suppression actuators.
Some successful local control designs using RMAs are described in various literatures. However,
an important issue still remains open; that is maintaining a given level of performance in spite of
changes in the plant dynamics. For the past 10 years, an extensive amount of research has been car-
ried out in the area of parametric robust control, which deals with control systems with parametric
uncertainties.

Our aim is to apply these theoretical developments to a laboratory experiment, and to achieve
meaningful robust control design and analysis of the vibration control of a flexible structure. There-
fore, it can be guaranteed that the level of damping will be bounded inside a predicted range. The
test structure is a scaled version of a typical flexible truss-like space structure and the parametric un-
certainty is represented by mass added to various locations on the structure. This type of structural
changes is common in many space-bound dynamic systems. For example, appendage articulation
and decreasing fuel weight over the life of a satellite are possible system variations. While inertial
changes are chosen for this investigation, this by no means limits the methodology presented herein
to only inertial changes. Indeed, the effects of changes of any plant parameter such as structural
damping or moduli can be accounted for the interval system techniques.

The structural uncertainties can be modeled in different ways. In the H., approach, the
system is described as a nominal model with its corresponding Ho, error bound transfer function.
Minor structural changes may result in the changes of natural frequencies, damping ratios, and mode
shapes. For instance, a small change of natural frequency of the lightly damping structures may
result in significant frequency domain model error. Consequently, it may be necessary to find an
H, error transfer function with large magnitude to bound the model error. Clearly, the choice of
largely overbounded H,, error bound transfer function results in overly conservative Ho control
design.

A new model identification scheme has been introduced to overcome this difficulty. The tech-
nique introduces a set of artificial parameters to fit the form of interval system framework so that a
family of frequency response functions generated by this model contains the dynamics of the actual
model. While this technique deals with a single frequency response function, in the work herein, we
address the problem of obtaining an interval system model from a set of frequency response func-
tions. These various frequency response functions can be attributed to parameter changes within
the structure. Using this identified interval model, a robustness verification is performed to predict
the open and closed loop uncertain system behavior. The interval system used in this study is given
as a transfer function whose numerator and denominator are linear combinations of polynomials
where the coefficients of the linear combinations are bounded with known values.

The paper is organized as follows: first a description of our experimental system including
the parameter uncertainty and control strategy is given. Next, a construction of the interval model
which captures the system uncertainties due to change of mass is presented. Then detailed analysis
of this interval model with the given controller is given. The results are compared with actual
experimental data to validate the analysis.

6.1 System Dynamics and Vibration Suppression

6.1.1 Structural Dynamics

A 10-bay aluminum truss structure shown in Figure. 68 is the test article. Each bay of the structure is
a 0.5 meter cube made of hollow aluminum tubing joined at spherical nodes with threaded fasteners.
The last three bays of the structure form a T-section. This is done so that the torsional modes of
vibration will be more pronounced. The final structure has a mass of 31.5kg and is cantilevered
horizontally from a massive monolithic base. The ANSYS modeling package by Swanson Analysis is
used to create a FEM model of the structure as shown in Figure. 69. A modal analysis is performed
on the FEM model giving information about the structure’s modal frequencies and mode shapes.
The results show that 7 modes are within the 100Hz bandwidth.

To verify the FEM model, experimental frequency domain data are collected from the structure
using a Tektronix 2642A Fourier Analyzer and compared with the analytically derived transfer
function. The input to the structure consists of an impulse applied to Node 40 (see Figure. 69) of
the structure, and the output is from an accelerometer mounted at Node 40 as well. The natural
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Figure 68: Ten bay MeroForm truss with T-section.

frequencies and damping ratios are obtained by using the Eigensystem Realization Algorithm (ERA)
method. ‘

Table 1 shows the results for the first seven modes from the FEM as well as the identified
models. From the FEM model we also extract a Guyan reduced order mass matrix M and stiffness
matrix K for the structure. Hence the mathematical model of the structure including the ERA
identified damping matrix D is represented by

Mi + Dz + Kz = Bu. (86)

6.1.2 Actuator Dynamics

A reaction mass actuator is used to input force into the structure. This actuator uses a magnet and
electrical-coil assembly to accelerate a mass. An amplified signal applied to the stationary electrical-
coil creates a magnetic field. The constant field of the magnet inside the moving mass reacts against
the new magnetic field causing force and hence movement of the mass. The mass rides on shafts
which are limited to linear motion. The mass has a total usable travel length of about 2.5 cm. Any
acceleration of the mass caused by force imparted from the coil results in an equal but opposite
reaction force on the actuator’s housing. When the actuator is mounted on the structure, the force
is imparted to the structure. Hence, the actuator is space-realizable, because it requires no inertial
reference frame such as the earth.

The actuator contains an internal non-contacting displacement sensor that helps to keep the
mass centered with respect to its housing. The block diagram in Figure. 70 shows the local control
scheme used to keep the mass centered. The PD type controller contains a proportional feedback
loop, which acts as a spring, and a derivative feedback loop, which adds an equivalent viscous
damping to the motion of the mass. The resulting system acts like a simple single-degree of freedom
mass-spring-damper system. Notice a first-order filter is included to reduce the effects of high
frequency noise in the damping loop. Realizing that the force output of the actuator is actually the

62



38 39

3 \\
3 \ ©
2
y
1 5 9 13 17 21 25 2
z
x 41 44

Figure 69: Finite element model of 10 bay truss including node number.

Table 1: Results of FEM model and ERA identified model

Mode FEM model ERA model
Freq. Freq. Damping

(Hz) ~ (H?) )
1 Vertical Bending 9.22 9.45 .0120
2 Horizontal Bending 9.31 9.70 .0140
3 Torsional 18.13 19.69 .0080
4 Vertical Bending 47.43 49.01 .0020
5 Horizontal Bending 55.12  60.30 .0010
6 Torsional 84.73 92.84 .0006
7 Mixed Motion 87.48 98.70 .0003

inertial acceleration of the mass, the output force of the actuator has the following dynamics.

F(s) mrs® + ms®

V(s) " mrsd + ms? + (c+kr)s+k (87)

where m is the mass of the reaction mass, k is the equivalent stiffness, ¢ is the equivalent viscous
damping constant, and 7 is the time constant of the noise filter. The transfer function represents
the force output F(s) with respect to the voltage input V(s).

msX
Vec ~ Verr _‘/in .
Y Kp T.’C) K [
—_ + x
1
7or1 [ Kas
Kda

Figure 70: Block diagram of the local centering control system of RMA.

As shown in Figure. 68, the actuator is mounted between Node 39 and Node 40 of the structure.
This location on the end of the structure is chosen because the modal participation factors of the
first few modes of the structure are large at this location.

It should be noted that several design considerations were enforced when building the actuator
and setting the local feedback gains. First, the actuator is designed so that its mass is small compared
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to the structure. The reaction mass is approximately 1.67 kg and the parasitic mass is 1.6kg, so
that the actuator is just over 10% of the structure’s mass. Note also that the efficiency ratio of the
actuator itself is 51%. The damping ratio of the actuator affects the damping in the structure for
both passively (without active control) and the active control design. This phenomenon has been
studied and results in a compromise between damping in the structure and stability of the actuator.
These considerations were taken into account when the internal damping in the actuator was chosen.

6.1.3 Parametric Uncertainty

The uncertainty of the structure we consider here is due to added mass to Node 44 and Node 17. We
want to examine the structural changes that occur while each added mass varies from Okg to 2.5kg.
In order to observe the frequency domain behavior of the system with respect to the changes of these
added masses, we take the following six samples of various added masses as shown in Table 2.

Table 2: Masses added to the structure
Case 1 2 3 4 5 6

Nodel1l7 0 05 10 15 2.0 25Kg
Node4d O 05 10 1.5 2.0 25Kg

Our particular interest is the model uncertainty for the first horizontal mode and the first
torsional mode with the natural frequencies ranging from 4 to 24Hz. The output measurement from
an accelerometer located at Node 40 in the horizontal direction is used and the input is generated
by applying the random signal to the RMA actuator. Figure. 71 illustrates the changes of the
experimental data when these inertial parameters change. Therefore, it is reasonable to assume that
for any value of added mass ranging from 0 to 2.5kg, the frequency response of the corresponding
structure remains inside the thinnest envelope covering the frequency response of these six sampled
structures.
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Figure 71: Experimental frequency response function with different added masses: From Right to
Left 0Kg, 1Kg, 2Kg, 3Kg, 4Kg, 5 Kg.

By combining Eqs. (86) and (87), we arrive at a transfer function expression of the actuator-
structure system
s2X(s,p)
G(s,p) = ———=—
(8:) = =73

where V (s) is the voltage across the actuator coils and s2X (s, p) is the response of an accelerometer.
The unknown parameter, p, represents the uncertainty in the structural dynamics. Although we
are using inertia to generate a family of perturbed systems, this by no means limits the techniques
presented herein to inertial perturbations only.

(88)
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6.1.4 Vibration Suppression Control Law

The controller is designed using classical root loci techniques. However, it is later cast in terms of
interval control systems to observe the robustness of the closed loop system. Vibration damping is
accomplished with a local velocity feedback (LVF) control scheme. The velocity signal fed into a
single actuator from an accelerometer location  at Node 40 horizontal direction is

u=-K,. (89)

The control design is based on the model in Eq. (86). Here we consider the first horizontal bending
and the first torsional modes. Feeding back velocity multiplied by a feedback gain, K, the closed
loop pole locations of the system are predicted. After varying the gain, a root locus plot is created.
The resulting plot shows a trend of increased damping in all of the modes as the actuator gain is
increased.

To implement the controller, a negative velocity signal is fed to the actuator to “cancel out”
the motion of the structure, i.e. reduce the velocity of the structure. An accelerometer is mounted on
the housing of the actuator and connected to the structure. To get a velocity signal, the acceleration
signal from the sensor must be integrated. However, integration of electrical signals results in
exponential growth of any DC noise or DC offsets anywhere in the system. Therefore, we use a
“velocity estimator”. The estimator is formulated as

V(s) _ 8
a(s) 8%+ wes +w? (%0)

where w, is the break frequency of the filter, V (s) is an estimated velocity signal and a(s) is the
accelerometer input. The value, w,, used here is 0.5H z; and since the estimator acts like an ideal
integrator at frequencies above 6w,, the feedback signal should be proportional to the velocity of
the structure.

Initially, the controllers are implemented on the structure with no added mass. The control is
successful in increasing the system damping, but the question of robustness still remains unanswered.
How much will slight changes in the system affect the closed loop control of the structure? The
interval system model answers this question.

6.2 Model Identification
6.2.1 Model Structure

The objective of this section is to construct a family of models such that its frequency response
contains the six samples of experimental data shown in Figure. 71. Each data set consists of 900
data points over the frequency ranging from 4 to 24Hz. We first select the structure of the family
of transfer functions as follow:

no(s) + Lt auir(s)
do(8) + X1, Bigi(s)

G(s) = {g(s) : , o; € [a7,af), Bi € (87,57, Vz’} (91)

where ng(s) and do(s) are numerator and denominator of the nominal transfer function, and r;(s)
and g;(s) are base polynomials of degree m and m — 1, respectively. The parameters a; and f3;
are the interval parameters which will be determined by their limiting values afb and ﬂ,.i. Clearly,
upon the determination of the family G(s), we expect that the frequency response of every structure
corresponding to each value of added mass ranging from 0 to 2.5kg remains inside that of the family
G(s).
In the next subsection, we give a brief description of how to determine the desired family
of transfer functions G(s), equivalently determine a set of base polynomials (r;(s),qi(s)), and the
limiting values of interval parameters a; and f;. This type of model is called an interval model.

6.2.2 Interval Model Identification

The algorithm to generate an interval model starts with identifying a model for each set of data.
Any standard identification technique can be used for this purpose and here we use a least-squares
based system identification technique which is widely used in practice. We first determine the order
of the transfer function:

(s) = ni(s)  nis™+nb_s™ 4. 40
I TG T smtd,_smlt.. .+ dy

(3

,  i=1,-,6.
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Once a judicious choice of the order of the transfer function is made, determination of the coefficients
of each transfer function may be easily carried out by solving the least-squares problem. Let D;(w)

be the i*" sample data set consisting of 900 data points and W (w) is a positive weighting function.
The coefficients of the transfer function g;(s) are obtained by minimizing the following index:

9800

Ji=Y W) [Rwe)? + 1)) (92)
k=1

where
R(wy) := Real [D;(wi)d; (jw) — ni(jw)], I(wg) = Imag [D;(wk)di (jw) — ni(jw)] .

We repeat this procedure for all six data sets to obtain the transfer functions gi(s),i=1,...,6. A
typical choice for the nominal model go(s) is the average of all six of these identified models such as:

ng=[ngnd - n%]" and dp=[dd - d]" (93)
where
1< 1,
n?:Ean and d?:EZd,‘ (94)
k=1 k=1
The parameter perturbation vectors of the i*! identified model are defined as
An; =1n; — g and Ad; = d; — dy. (95)

In order to determine the set of base polynomials r;(s) and ¢;(s) in Eq. (91), we employ a Singular
Value Decomposition. To illustrate this SVD technique, we first form a matrix for the uncertainty

of the denominator as
AD =[Ad, Ad, --- Adg]. (96)

Then we follow the following procedure:

1) Compute the weighted uncertainty matrix ADY =W, YAD where Wy is a diagonal matrix
with its [ diagonal element being the standard deviation of the I*" row of AD.

2) Using SVD of ADW | compute the basis U of the perturbation matrix ADY (ie., ADY =
UsvT).

3) Compute the basis for AD by Ug = W4U and let
Ug = [1—1’411 udm] (97)

4) Compute the base polynomials corresponding to the denominator.
m
q.'(3) = ng.'(l)sl_l’ i=12,-,6 (98)
=1

where ug, (1) is the I** component of the column vector ug, .

5) Determine the coordinate vector of the uncertainty AD.
[Agl Ags] =U'AD. (99)
6) Determine the upper and lower bounds of the parameters.
g = max{Ag,), i= 1,2,~~,6}, B = min{Agi(l), i= 1,2,---,6}

forl=1,2,-.-,m.

This interval model represents an optimal linear box of the determined polynomials to cover
the perturbation. Similarly, we can obtain r;(s), a; and a} for the numerator.
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6.3 Interval Model Analysis

The above procedure ensures that every transfer function g;(s), i = 1,2,---,6 which represents the
system with different added masses, is contained in the interval transfer function G(s). Consequently,
our design and analysis will be performed with this interval model. However, the performance
analysis of this type of transfer function cannot be done by traditional techniques such as Bode
plots and the root locus method because the transfer function G(s) represents a family of systems
rather than a single system. Here, we give a brief description of how to construct Bode and root
locus plots for such systems. Since the interval transfer function represents a family of systems, its
Bode plots will form envelopes and the root locus plot will be cluster plots.

In this particular problem, the Bode magnitude plot is obtained as follows: First constructing
the set of single parameter transfer functions, let us define the parameter vector which consists of
interval parameters

p:={o1 - my1 B1 - Bm]=[p1 P2 - Pemt]
while the limiting values of each parameter are well-defined for
py <pi<pf, i=12-,2m+1
Then the interval model that represents the entire family may be regarded as G(s,p). A single

parameter transfer function is obtained by fixing all parameters at each of their limiting intervals
(called vertices) except one parameter at a time. For example,

G(ss [Pl p2_ p3_ T p2_m+1])

is a single parameter system. This leads us to a total of (2m + 1)22™ single parameter transfer
functions. Using this set of single parameter systems, one can construct the Bode magnitude and
phase envelopes as well as the plot of root clusters of the entire family G(s).

Specifically, let V; be the set of vertices excluding p; such as

DP1sP2s s Pim13Pit1 " yPam+1

pi'-apz_f"api——lapa-l>""p2m+l ’
V;= _ - - : .
: ﬁ [pl ’p;_"",pi—1spi+17"'ap2m+l]’
\ [p-1+-7p-2+a""p?-_lap;:.la'”vp;_m+1] y,

It is easy to see that V; consists of 22™ components. Let

Pi =[p1 P2 -+ Pi-1 Pi+1 *** Poms1)-

Then the boundaries of the Bode magnitude envelope are obtained by collecting

~ sup  sup |G (jw, [Ap; + (1~ Np},Bi € Vi])]
i=1,,2m+1 Ag[0,1]

and
. . . —_ +4 =
i=1 H}gm*—l ,\él[%)f,u |G (jw, [Api + (1= N)pf,Bi € Vi)
for every w. The boundaries of the Bode phase envelope can also be obtained similarly.
The problem of plotting the boundaries of root clusters is nothing but (2m + 1)22™ root locus
problem. These boundaries coincide with those of the actual regions in which the poles of the family
of systems lie.

6.4 Experimental Results

Utilizing the techniques described earlier, this section gives the design and analysis of the vibration
suppression control of the ten-bay truss structure with added mass uncertainty. A reaction mass
actuator(RMA) located between nodes 39 and 40 is used to excite and control the structure’s motion.
An accelerometer located at Node 40 is used to measure the acceleration in the z direction at this
position. Here we consider the model for the modes within the 4 — 24 Hz frequency range. There
are two modes, one bending mode and one torsional mode, in this bandwidth. The experimental
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frequency domain data are collected using a Tektronix 2642A Fourier Analyzer. The 900 point
frequency domain experimental data for the system with actuator dynamics is expressed as

gi(wk) = ga(jWk)g?(Wk), k=1,2,... , 900 (100)

where g; is the i*P set of experimental data and g represents the system dynamics excluding actuator
dynamics, where the transfer function of the actuator is given by

(s) = na(s) 2.3853 x 1073s% 4 1.67455>
9a\8) = G.(5) T 2.3853 x 1035 + 1.674552 + 25.781s + 1251.3°

(101)

Following the modeling procedure described, we first apply the least squares technique to each set
of data g? to obtain the identified model for each case of added masses given in Table 2. Table 3

shows the structural eigenvalues of these six identified models.

Table 3: Eigenvalues of the identified models

Model No. First mode Second mode
1 -1.3864+j61.094 -1.4733+j123.00
2 -1.3065+j59.930 -1.3677+j117.76
3 -1.1854+j58.892 -1.4871+£j113.96
4 -1.1081+j57.902 -1.4167+j110.79
5 -1.0424+j56.929 -1.4873+j108.03
6 -0.9581+£j55.724 -1.5050+j105.10

After we obtain the identified structural models excluding actuator dynamics, we compute the
nominal model as the average of these six models and we have

_ng(s) _ —3.463 x 1073s" — 1.173 x 10~3s® — 24.68s°

= = . 1
90(s) do(s) ~ s +5.241s3 + 1625552 + 402258 + 4.412 x 107 (102

We now apply the algorithm developed in Section 6.2 to obtain the structural interval model. Table 4
shows the results of the interval model.

Table 4: Results of interval model

qQ q2 a3 94

s 14326 x 10°T —2.5118x 10717 —1.8767x 1072 —1.0399 x 10~
82 8.6678 x 102 5.5011 x 102 —8.0878 x 102 1.1301 x 10?
st 4.1568 x 103 1.8545 x 103 6.8649 x 103 8.2205 x 102
s° 4.0831 x 108 2.5353 x 10° —2.4265 x 10° —6.1023 x 108
fihs 3.1117 x 10° 2.8036 x 10! 2.5123 x 10~2 2.5140 x 1073
g~ —2.3396 x 10° —2.1055 x 10!  —3.3913x 10~2 -2.5161 x 10—

T1 T2 r3 rs T5
s? —8.7360 x 101 -3.2529 x 107° 9.2234x 10 0 0
s -1.3370x 1074 3.8897 x 10~* 1.0547x107%5 0 0
s —3.3372 x 10° —-1.0513 x 10° —-3.5316 x 10° 0 0
st 0 0 0 1 0
s° 0 0 0 0 1
at 2.4339 x 10° 1.0485 x 10° 6.3217x10°2 0 0
a- —1.8816 x 10° —1.3450 x 10° —3.5834x1072 0 O

The results show that the uncertainty of the denominator is dominated by the uncertainty
in the direction of the first singular vector. This phenomenon shows that the perturbation of the
denominator coefficients is almost linear due to the changes of the added masses. The perturbation
distributed in the direction of the fourth singular vector is around 1000 times smaller than that of the
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first singular vector. It also shows that the model uncertainty of the numerator part is dominated by
the uncertainty in the directions of the first two singular vectors. Figure. 72 shows the root clusters
for the two structural modes of interest. Experimentally identified eigenvalues are also included for
our study. These root clusters are generated by evaluating a family of transfer functions (an interval
plant), and the method used here is based on the Edge theorem. This means that the poles of every
system in the family are found in the regions bounded by the dotted lines in Figure. 72.
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Figure 72: Eigenvalue clusters of interval model and eigenvalues of experimental structure for various
added masses.

From the interval model of the structure, one can write the interval model of the system, which
includes the actuator dynamics as follows:

m+1
B na(8) ["0(3) + 21 a,-r.-(s)] _ ng(8)no(s) + Z:’:ll aing(8)ri(s)
da(s) [do(s) + 22i2, Bigi()] da(s)do(8) + 272, Bida(s)ai(s) |
To verify the identified interval system by using the closed-loop experiment, we first design a

local velocity feedback controller based on the root loci techniques for the vibration suppression of
the structure. The transfer function of the controller is

_ng(s) _ —110K,s
T di(s) T 8%+ s+ w2

G(s (103)

K(s)

where K, is the velocity feedback gain. This controller is designed for the structure without added
mass. This controller with K, = 30 increases the damping ratio of the first mode from 2.2% to 6.6%
and the damping ratio of the second mode from 1.2% to 3.9%. The closed-loop interval system with
the controller K(s) can be computed as

[ [na(e)no(s) + T3 aslnals)ri(s))]
8) = =
di(s) [da(8)do(8) + 2i2, Bilda(8)ai(s)] + T(s)

where
m+1
T(s) = ni(s) [na(s)no(s) + Z ai(na(s)ri(s))] :

This interval system representation may be separated into the fixed and perturbed terms
a(s) + E:’:{l aia;(s)
m m+1 °
(8) + e, BiBii(3) + 2im1” aifai(s)

Figure. 73 depicts the magnitude envelope of the closed-loop interval system which shows that
the envelope includes the magnitude plots of the experimental transfer functions. We also plot the

T(s) =
(s) 3 (104)
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Figure 73: Magnitude envelope (—) of interval model and experimental data (..) for the closed-loop
system frequency response functions.

root clusters of the closed-loop interval system in Figure. 74. The damping for each mode of the
closed-loop system is increased and it is verified by comparing the boundaries of the root clusters in
Figures. 72 and 74. Thus, from this root cluster plot, one can predict the worst case damping of the
closed-loop system, while the added mass varies anywhere in between 0 to 2.5Kg. In other words,
as long as the varied system remains inside the interval system family, the poles of the closed-loop
system will remain inside the cluster regions shown in Figure. 74.

Boundarnies of eigenvalue clusters of
closed-loop system with interval model

Imaginary
<

Figure 74: Eigenvalue clusters of closed-loop interval model and eigenvalues of closed-loop experi-
ment for K, = 60.

6.5 Discussion and Remarks

A vibration suppression control law was designed and implemented for an experimental truss struc-
ture with parametric uncertainty. It is shown that the system identification technique developed
here captures changes in the structural system response due to the parameter variations. Further,
the identified interval model was used for robustness verification. That is, the performance bounds of
the open and closed loop systems can be mapped with this identified interval model. The robustness
verification is independent of the control design methodology and serves over the range of system
behavior.
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It is worthwhile to note that the number of single parameter systems required to construct
the Bode and root cluster plots is relatively large. In fact, this number depends upon the number
of interval polynomials for the Bode envelopes and the number of parameters for the root cluster
plot. For example, if the interval transfer function is purely a ratio of two interval polynomials,
only 32 systems are required to construct the Bode plots regardless of the number of parameters.
The transfer function structure chosen here (see Eq. (91)) requires the same number of systems for
both plots. This choice is made because our problem is low order and consists of multiple data sets.
Nevertheless, since the vibration suppression is achieved by controlling the first few modes of the
structure in most cases, the techniques are useful even if the structure is large. As a final note,
extension to the case of multivariable system is still an open problem.
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7 ROBUSTNESS ANALYSIS OF STATE SPACE MODEL

Most of the results given in this book deal with polynomials containing parameter uncertainty.
These results can be directly used when the system model is described by a transfer function whose
coefficients contain the uncertain parameters. When the system model is described in the state space
framework, the parameters appear as entries of the state space matrices. The polynomial theory
can then be applied by first calculating the characteristic polynomial of the matrix as a function
of its parameters. In this section, the aim is to provide some computational procedures which can
determine robust stability and compute stability margins for the case in which parameters appear
linearly in the state space matrices. Under the technical assumption that the perturbation structure
is of unity rank the characteristic polynomial coefficients depend on the parameters in multilinear
form. This allows us to use the Mapping Theorem to develop an effective computational technique
to determine robust stability. This is illustrated with numerical examples.

Next, we describe a Lyapunov based technique to handle perturbations of state space matrices.
A stability region in parameter space is determined by this method. While this method does not
require us to compute the characteristic polynomial, the stability region obtained from this method is
conservative. However, the method gives a direct way to handle perturbations of state space matrices.
Furthermore, with these formulas, the stability margin can be increased through optimization over
the controller parameter space. This procedure is referred to as robustification. The results are
compared with the previously described method, which used the Mapping Theorem, via examples.

In the last part of the section we describe some formulas for the matrix stability margin for
the real and complex cases and for some special classes of matrices.

7.1 STATE SPACE PERTURBATIONS

Consider the state space description of a linear system:
% = Az + Bu, y=Cz (105)

with the output feedback control
u= Ky. (106)

The stability of the closed loop system is determined by the stability of the matrix M := A+ BK C.
We suppose that the matrices 4, B, K, and C are subject to parameter perturbations. Let

p= {plap?;"'ap.l] (107)
denote the parameters subject to uncertainty and set
p=p’+Ap (108)

where p? is the nominal parameter and Ap denotes a perturbation. Write
M(p) = M(p° + Ap) = M(p°) + AM(p°, Ap).
Assuming that the entries of AM (p°, Ap) are linear functions of Ap, we can write
AM(p°,Ap) = Ap1E; + Ap:Ey + -+ + Ap By (109)

We shall say that the perturbation structure is of unity rank when each matrix E; has unity
rank. The special attraction of unity rank perturbation structures is the fact that in this case the
coefficients of the characteristic polynomial of M are multilinear functions of Ap as shown below.
When the Ap; vary in intervals, this multilinear structure allows us to use the Mapping Theorem
to develop an effective computational procedure to determine robust stability and stability margins
in the parameter space p. The stability margin will be measured as the smallest £, norm of the
vector Ap required to make M (p®, Ap) just unstable.

In the robust stability literature, state space perturbations are often treated by supposing that

AM = DUE (110)

where the matrix U is regarded as a perturbation. In this formulation, one can calculate the smallest
induced norm of U for which M + AM just becomes unstable. We remark that the parametric
stability margin, defined as the vector norm of the smallest destabilizing vector Ap, has a physical
significance in terms of the allowable perturbations of the parameter p. Such a direct significance
cannot be attached to the matrix norm. Nevertheless, it has become customary to consider matrix
valued perturbations and we accordingly define the matriz stability radius as the norm of the smallest
destabilizing matrix. We give some formulas for the calculation of the matrix stability radius in the
real and complex cases.
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7.2 ROBUST STABILITY OF INTERVAL MATRICES

We first establish that the unity rank perturbation structure leads to multilinear dependence of the
characteristic polynomial coefficients on the parameter p.

7.3 Unity Rank Perturbation Structure
Let us suppose that
M(p) == M(p°) +Ap Ey + Ap2 By + -+ + Ap B (111)
S’
Mo

Lemma 4. Under the assumption that rank(E;) = 1 for each i, the coefficients of the characteristic
polynomial of M (p) are multilinear functions of p.

7.8.1 Interval Matriz Stability via the Mapping Theorem
The objectives are to solve the following problems:

Problem 1  Determine if each matrix M (p) remains stable as the parameter p ranges over given
perturbation bounds p; < p; <pf, i=1,---,L

Problem 2 With a stable M(p®), determine the maximum value of € so that the matrix M (p)
remains stable under all parameter perturbations ranging over P —wie < p; < P9 + w;e for
predetermined weights w; > 0.

These problems may be effectively solved by using the fact that the characteristic polynomial
of the matrix is a multilinear function of the parameters.

The problem 1 can be solved by the following algorithm:

Step 1:  Determine the eigenvalues of the matrix M(p) with p fixed at each vertex of II. With
this generate the characteristic polynomials corresponding to the vertices of II.

Step 2: Verify the stability of the line segments connecting the vertex characteristic polynomials.
This may be done by checking the Bounded Phase Condition or the Segment Lemma.

We remark that the procedure outlined above does not require the determination of the characteristic
polynomial as a function of the parameter p. It is enough to know that the function is multilinear.
To determine the maximum value of € which solves the second problem, we may simply repeat the
previous steps for incremental values of €. In fact, an upper bound & can be found as that value of
¢ for which one of the vertices becomes just unstable. A lower bound ¢ can be determined as the
value of € for which a segment joining the vertices becomes unstable as follows:

Step 1: Set ¢ = €/2

Step 2:  Check the maximal phase differences of the vertex polynomials over the parameter box
corresponding to €.

Step 3: If the maximal phase difference is less than 7 radians, then increase ¢ to € + (€—¢€)/2 for
example, and repeat Step 2.

Step 4: If the maximal phase difference is 7 radians or greater, then decrease € to € — (E—-€)/2
and repeat Step 2.

Step 5: This iteration stops when the incremental step or decremental step becomes small enough.
This gives a lower bound ¢ and an upper bound &.

If € and € are not close enough, we can refine the iteration by partitioning the interval uncer-
tainty set into smaller boxes.
The following examples illustrate this algorithm.
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7.8.2  Numericel Examples
Ezample 19. Consider the interval matrix:
A | Pr P2 ]
w=|2 %

where o 6 0 0
P = 11p2’p3] = [_3”'2v1]
and .
D€ [pl_vp‘l*-] = [—3 -6 —3+€]v p2 € [pZ_sp—;] = [_2 - 6,—2 +€]a p3 € [p:;ap_si_] = [1 - Eal +€]-

The problem is to find the maximum value €* so that the matrix A(p) remains stable for all € € [0, €e*].
Although the solution to this simple problem can be worked out analytically we work through the
steps in some detail to illustrate the calculations involved.

The characteristic polynomial of the matrix is:

8(s,p) = s(s — p1) = p2ps.

In general this functional form is not required since only the vertex characteristic polynomials are
needed and they can be found from the eigenvalues of the corresponding vertex matrices. Let us
now compute the upper bound for e. We have eight vertex polynomials parametrized by e:

Avy(s) := {8:(s,p) : p € V}
where
V = {(p7,05,03), 07,07, 93), 07,03, 93 ), (07, P393 ), (P, 03, PY),
(vf,p5,p%), 0¥, 07 ,03), 0} Pz ,P3)}

We found that the vertex polynomial d3(s) has a jw root at € = 1. Thus we set € = 1. Using
the multilinear version of GKT (Theorem 11.1), A(s) is robustly Hurwitz stable if and only if the
following sets are Hurwitz stable:

Li={s[As—p)+ (1~ N(s—p

D] -p3ps i xe(0,1]}
Ly ={s[Ms—p)+ (1 - N)(s—pf
+

)] - p3
)] —pzpi A€ [0,1]}
D] —pips : 1€ [0,1]}
Le= {s[Ms—py) + (1= 2)(s—p)] —p;p3 : A €[0,1]}
M; = {s(s — p7) — [\pz + (1= M)pF] [heps + (1= A2)pi] : (A, A2) €[0,1] x [0,1]}
Ms = {s(s —p}) = [Apz + (1= M)p3] [heps + (1= A2)pf] : (M, A2) € [0,1] x [0, 1]} .
The L;, i = 1,2, 3,4 are line segments of polynomials, so we rewrite them as follows:
Ly =Xs—p; —pfpd) + (1 - N (s —pf —p3p])
Ly=X(s—p; —p;pi)+ (1 - N (s —pf —p3p])
Ly=Xs—-p; —pips)+ (1= N)(s —pf —p3p3)
Ly=Ms—py —pyp3)+ (L= N)(s—pf —p2p3)

Now we need to generate the set of line segments that constructs the convex hull of the image sets
of My and Ms. This can be done by connecting every pair of vertex polynomials. The vertex set
corresponding to M is:

My (s) i= {Ms : (A1, M) € {(0,0), (0,1), (1,0, (1,1)}}.
If we connect every pair of these vertex polynomials, we have the line segments:
Ls=3(s —py) — [Moaps + (1 - Npips) = Ms* —prs—pipi) + (1 - N (s ~ prs —p3p3)
Lo =s(s —p7) — [\odpt + (1 - Npzp3] = Ms* —prs—pipd) + (1= N)(s® —pr s~ pyp3)
Ly =s(s —py) — [z pi + (1= Npzp3) = Ms® = prs —pspf) + (1 = N)(s* —pys —pyp3)
Lg=s8(s —pi) — [Mpgps + (1= Npyps] = A(8* —prs—p3ps) + (L= N)(s* —prs—pyp3)
Ly = s(s - p7) — [Apfps + (1= Npyp3] = Ms® —prs —pfpy) + (1 - N)(s® — py s —pyp3)
Lo =38(s—py) — [Agpf + (1= Npaps] = Ms® —prs—pfps) + (1= X)(s” — prs —pyp3)-
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Similarly, for Mg we have the line segments:

L =s(s —pf) - [Mp3p3 + (1 - Npfps] = As* —pfs —p3pf) + (1 = N)(s* —pfs — p3p5)
Liz = s(s — p7) — w3 py + (1 = Npzpd] = (8> — pfs —pip3) + (1 = N(s* —p{s — py p3)
Lz = s(s — p}) — Apzpf + (1= Npyp5] = Ms® —pfs —papf) + (1= N)(s® — pf's — p; p3)
Lis=3(s—p}) — Pwips + (1= Npsps] = Ms® - pis —pfpy) + (1= N(s* - pf's — p2 p3)
Lis = s(s — p}) — [Wipy + (1 - Np;pd] = Ms? —pfs —pipy) + (1= N)(s* —p{s —pyp])
Lie = s(s — p}) — [\pipd + (1= Mp;p3] = Ms® —pfs — pip3) + (1= N)(s® — pf's — Py p3)-

The total number of line segments joining vertex pairs in the parameter space is 28. However the
actual number of segments we checked is 16. This saving is due to the multilinear version of GKT
(Theorem 11.1), which reduces the set to be checked. By testing these segments we find that they
are all stable for € < 1. Since € = 1 corresponds to the instability of the vertex polynomial d3(s) we
conclude that the exact value of the stability margin is ¢ = 1. The stability check of the segments
can be carried out using the Segment Lemma.

We can also solve this problem by using the Bounded Phase Condition. The set of vertices is

Avy(s)={V;,i=1,2,---,8}
where

Vi(s) = s? —pfs—p;"pg' =35%—-2s+2,

Va(s) = s —pfs —pypf = s> — 25+ 6,
Vs(s) = s* — pfs — pIps = g% — 23, Vi

)

(8)=8*—pfs—pyp; =8> —2s,
)
)

Ve(s) = 8> —ps—py pi = s* —4s +6,
Va(s) =82 —pys—pyp; =& —4s.

Vis(s) = g2 —p. 8 —p'{pidF =92 —4s+2,
Vi(s) = 8% — pys — pip; = 8% —4s,

From the vertex set we see that the difference polynomials V;(s) — V;(s) are either constant, first
order, antiHurwitz or of the form cs and each of these forms satisfy the conditions of the Vertex
Lemma. Thus the stability of the vertices implies that of the edges. Thus the first encounter with
instability can only occur on a vertex. This implies that the smallest value already found of € = 1
for which a vertex becomes unstable is the correct value of the margin.

Maximum Phase difference of Vertices

Figure 75: Maximum Phase Differences ® () (in degrees) of Vertex Polynomials (Example 19)
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This conclusion can also be verified by checking the phases of the vertices. Since there are
duplicated vertices, we simply plot phase differences of six distinct vertices of A( jw) with € = 1.
Figure 75 shows that the maximum phase difference plot as a function of frequency. This plot shows
that the maximal phase difference never reaches 180 degrees confirming once again that € = 1 is
indeed the true margin.

Remark 9. The phase of a vertex which touches the origin cannot be determined and only the
phase difference over the vertex set is meaningful. The phase condition can therefore only be used
to determine whether the line segment excluding endpoints, intersects the origin. Thus, the stability
of all the vertices must be verified independently.

Ezample 20. Let

-1 0 0 10
d.’l,‘_ B - -1+k 0 1 01
E_(A+BKC)2:— 8 02 _03 + [1) } 0 —1+k2][0 1 0] ’
where

ki € [kl_akT] = [_6’6] ks € [k2_1k;-] = [¢,€].
We first find all the vertex polynomials.

Av(s) = {6i(s,k,-) k; eV, i= 1,2,3,4}

where + _ L ot e
V= {(klak2) : (kl ’k;)’(kl_’kz )’(kl akz )’(kl 7k2 )} .

We found that the minimum value of € such that a vertex polynomial just becomes unstable is 1.75.
Thus, € = 1.75. Then we proceed by checking either the phase condition or the Segment Lemma.
If the Segment Lemma is applied, one must verify the stability of six segments joining the four
vertices in Ay (s). If the phase condition is applied, one must evaluate the phases of the four vertex
polynomials and find the maximum phase difference at each frequency to observe whether it reaches
180°. Again, the calculation shows that the smallest value of € that results in a segment becoming
unstable is 1.75. Thus € = 1.75. This shows that the value obtained € = 1.75 is the true margin.

The algorithm can also be applied to the robust stability problem for nonHurwitz regions. The
following example illustrates the discrete time case.

Ezample 21. Consider the discrete time system:

-05 0 k2
z(k+1) = 1 050 -1 |z(k)
k1 ki 03

For the nominal values of k¢ = k) = 0, the system is Schur stable. We want to determine the
maximum value of €* so that for all parameters lying in the range

ki € (—€*,€*) ko € (—€",€")

the system remains Schur stable. Using the procedure, we find the upper bound & = 0.2745 which
is the minimum value of ¢ which results in a vertex polynomial just becoming unstable. Figure 76
shows that the maximum phase difference over all vertices at each 6 € [0,27) with € = € is less than
180°. Thus we conclude from the Mapping Theorem that the exact parametric stability margin of
this system is 0.2745.
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Figure 76: &4, () vs 8 (Example 21)
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